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Nonlinear photonic devices utilize phase-matched parametric wavelength conversion 
in a nonlinear medium to create a widely tunable pulsed laser source. Currently most 
of nonlinear lasers are based on bulk optics or photonic fibres. Lasers based on bulk 
optics  utilizing nonlinear crystals in conjunction with high intensity pulsed laser 
pumps, which are very powerful and often used as pump lasers for nonlinear 
experiments, but they are very large in size, and expensive to purchase. Although 
marketed as ‘turn key’ solutions, they require expert alignment, are difficult to use 
and are not suitable for deployment to environments other than environmentally stable 
optics labs.  The photonic crystal fibres based lasers are very useful for optical 
communication purposes, but they are not as powerful as the bulk optics lasers and 
hard to be integrated with semiconductor devices due to their cylindrical structures. 
This thesis investigates the viability of creating an alternative widely tunable laser in a 
planar lightwave  circuit (PLC) format.  The overall aim of this project was to 
investigate the viability of creating a functional on-chip tunable laser, develop some 
of the key components, the base technologies required to do this job. 
   iii 
Required sub-components include efficient: supercontinuum  generation,  harmonic 
generation, and parametric wavelength conversion devices, all of which should ideally 
be powered by a compact, low cost, solid state pump source. To complicate matters 
further, requirements for parametric conversion include precise phase-matching of up 
to four participating beams, each of which may have a different wavelength. 
Furthermore, to provide broadband tunability, phase-matching  condition  must be 
maintained as the wavelengths of all participating beams are tuned. Hence the 
parametric conversion must take place in a device supporting ‘variable phase-
matching’. 
 
 
One of the key sub-components of a broadband tunable laser is a supercontinuum (SC) 
source.  Supercontinuum (SC) generation  is a nonlinear optical phenomenon that 
generates a spectrum across a wide range of frequencies. The SC component is itself 
very useful for many optical applications including: optical coherence tomography 
(OCT), frequency metrology, pulse compression, wavelength division multiplexing 
(WDM) and hence, attracts great research interests. Up to now, about 99% of the SC 
devices are based on optical fibres or nonlinear crystals. This thesis starts an in depth 
investigation of the generation of SC in planar waveguides reviewing the key linear 
and nonlinear optical effects associated with SC generation, making comparisons to 
prior literature. 
 
 
All devices studied in this thesis were based on rib and ridge waveguides consisting of 
a tantalum pentoxide ( 5 2O Ta ) core and silicon dioxide ( 2 SiO ) cladding materials. 
The simulated dispersion properties of such planar waveguides are presented. The 
experimental results on frequency tripling, SC generation and parametric effects along 
the waveguides are demonstrated.  Further optimization procedures  and potential 
applications are suggested subject to the current results and the nonlinear properties 
obtained from the  5 2O Ta  waveguide samples. 
   iv 
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Chapter 1  Introduction 
The objective of this thesis was to investigate the viability of creating a widely 
tunable solid state waveguide laser in a compact planar lightware circuit (PLC) form 
factor, capable of being pumped by a compact solid state light source. Conventional 
semiconductor lasers   rely on electron transitions between well defined energy states 
to provide emission of light at specific wavelengths through electrical carrier injection 
to a junction region and radiative recombination of electron–hole pairs (excitons). The 
wavelength of solid state lasers is therefore highly dependent on the band gap energy 
of the semiconductor material from which the junction region is made. Some small 
level of colour variation can be achieved by inducing strain to modify the electronic 
band structure of a semiconductor material, but this approach leaves a wide range of 
wavelengths unobtainable by direct carrier injection alone, and excludes the 
possibility of wide wavelength tunability. 
 
To access the wide range of intermediate wavelengths, nonlinear optical processes can 
be applied to the optical output of a solid state laser device to allow manipulation of 
emitted photon wavelengths (as opposed to manipulation of electron energies). In 
recent years, a range of mechanisms have been employed to reduce the footprint of 
bulk optics based high power laser systems. Some of the most successful approaches 
include the use of second harmonic generation, parametric wavelength conversions, 
and supercontinuum wavelength generation. 
 
Commercially available widely tunable laser systems achieve wavelength conversion 
to frequencies which cannot be met by semiconductor band structure engineering 
alone, by utilizing a variety of nonlinear affects. Optical parametric oscillators (OPO) 
and optical parametric amplifiers (OPA) are the most successful widely tunable laser   2 
systems available to date (see fig. 1), utilizing nonlinear conversions of a pump signal 
to other wavelengths through a combination of nonlinear mechanisms including: 
second harmonic generation  ( pump output ω ω 2 = ), supercontinuum generation, and 
parametric wavelength conversion  ( idler pump signal ω ω ω − = )  in conjunction with 
selectable phase-matching. Currently available OPOs and OPAs are large, expensive, 
and sensitive pieces of equipment, requiring a high power, ultrafast pump source 
(typically 5–10 W pump). All of this keeps them confined to specialized optics labs 
and makes them unsuitable for real world mass market applications. 
 
 
Figure 1: Example OPO/OPA systems from Newport Co. and Coherent Inc. [1, 2] 
 
Broadband tunable laser systems, for example OPO/OPA, require precisely phase-
matched condition for mixing of a pump beam, and a supercontinuum (SC) beam. 
Both the pump beam and the SC beam are obtained using nonlinear crystals, e.g. β -
barium borate ( 4 2O BaB − β  or BBO) crystal and sapphire plate, through harmonic 
generation and several nonlinear optical processes, respectively.  Recent  works in 
nonlinear planar waveguides show the possibility of making the optical parametric 
conversions on a single chip, i.e., on-chip tunable lasers. 
 
Supercontinuum (SC) is a critical sub requirement for the realization of a broadband 
tunable laser. SC is a phenomenon where a pulse propagating through a nonlinear 
medium experiences extreme spectral broadening over a frequency range which can 
exceed 100 THz [3]. SC generation is a hot research topic in itself as it can be used 
for a large range of applications including: optical parametric amplifier/oscillator 
(OPA/OPO)  [3, 4],  absorption spectroscopy  [5],  dispersion measurement  [6], 
frequency metrology  [7], optical coherence tomography (OCT)  [8], wavelength 
division multiplexing (WDM) source  [6],  sensor techniques  [9],  and  biomedical 
applications [10]. The recent development of the microstructured fibres and the high   3 
power femtosecond laser sources after  year  2000 gives a rise to this field and a 
detailed physical understanding the SC generation  is provided for  the fibres  [11]. 
Although the fibres are most commonly used in the  optical research  for  optical 
communications, it is very interesting that the planar waveguides could provide better 
integration capability to the modern integrated circuit (IC) industry, where the smaller 
and cheaper optical chips could be fabricated and used for the replacements of bulky 
nonlinear crystals or optical fibres. 
1.1  Project Aim 
The overall aim of this project is to investigate the viability and to develop base 
technologies required to fabricate an on-chip broadband tunable laser, as the most 
significant advantage of planar waveguides is their capability of integration with other 
components to constitute a building block in integrated optical circuits [12, 13]. This 
involves producing  supercontinuum, performing parametric wavelength conversion 
within a nonlinear phase-matching element, using a set of potentially different planar 
waveguide devices within the same chip, all of which must be powered by a compact 
low cost solid state laser source. 
 
In contrast to photonic crystal fibres, planar waveguides require a core material with a 
large nonlinear coefficient to achieve the desired nonlinear effect within a short 
distance of propagation (typically 1 cm rather than 10s of cm for a fibre). Also the 
predominant contributory effects are not necessarily the same. Hence the nonlinearity 
of the waveguide devices is critical for the design. In depth study was performed in 
chapter 4 to investigate wavelength dependence of 
) 3 ( χ , which is the dominating 
factor  within the waveguide devices studied in this thesis.  The other important 
property related to the design is linear dispersion of the waveguide devices. This 
includes material dispersion, and guide dispersion that changes with waveguide 
geometry. The dispersion results in group velocity dispersion (GVD) of the input 
beams within the waveguide devices. The waveguide dispersion, including GVD, 
could affect the whole design as it is affecting the phase-matching condition and the 
forming mechanisms of outputs from the waveguide. Software simulations are   4 
performed in chapter 3 to accurately model the dispersion, and to provide geometry 
information for waveguide designs. 
 
One of the most difficult and critical part of the design is to achieve SC using compact 
planar lightwave circuit (PLC) technology. Supercontinuum generation is a very 
complex process which can involve a wide range of nonlinear processes. Previously, 
researchers have demonstrated the generation of supercontinuum in planar 
waveguides  [12], but have not investigated the fundamental physical processes in 
detail. This thesis therefore focuses initially on the investigation of physical processes 
involved in the generation of SC on planar waveguides for the purpose of chip design 
integration (chapter 5). Another goal of this project is therefore to design the planar 
waveguides to obtain a supercontinuum (SC) spectrally matched to the applications, 
with high coupling efficiency at interfaces between sub-components. This involves a 
detailed study of the mechanism of the formation of the SC in the current planar 
waveguides, and the issues of integration with the currently commonly used optical 
devices, particularly optical fibres. 
 
Another important element of the design is to investigate the capability of performing 
parametric conversions within the waveguide devices. As reviewed in section 2.2.7, 
the parametric effect could be governed by the second order (
) 2 ( χ ) or third order 
(
) 3 ( χ ) nonlinear susceptibility where three- or four-photon process is involved. The 
parametric effect showed in the optical waveguide devices studied in this thesis could 
be categorized as a four-photon process, i.e. governed by 
) 3 ( χ .  The parametric 
conversion requires certain  phase-matching  condition  between the pump and 
supercontinuum beams to provide amplifications to the desired output wavelength. 
The phase-matching  condition  are  affected by both the input beams, and the 
waveguide geometry, where waveguide geometry  changes the GVD  of the 
waveguides. The parametric effect and phase-matching condition were then studied in 
chapter 6 to explore the possibilities of producing the on-chip tunable lasers.   5 
1.2  Thesis Overview 
This  thesis  starts with a review of  linear and nonlinear effects related to the 
supercontinuum (SC) generation, and parametric conversions. Chapter 2 also reviews 
several examples of the SC, and parametric conversion results among the research 
works published to the state-of-art. Chapter 3 presents a theoretical investigation of 
dispersion properties of slab, rib, and ridge planar waveguides,  including 
investigations of required numerical accuracy, and provides essential information for 
waveguide designs.  Chapter 4 derives the third-order susceptibility and nonlinear 
coefficient of tantalum pentoxide ( 5 2O Ta ), which is the nonlinear waveguide material 
used for test sample, and the experimental demonstration of frequency tripling in the 
waveguides, i.e. third-harmonic generation (THG). Chapter 5 presents two examples 
of the current experimental results of SC on  5 2O Ta  planar waveguides in near infra-
red wavelength range (990 – 1610 nm). To explore the possibility of making tunable 
lasers using planar  5 2O Ta  waveguides, chapter 6 demonstrated the experiment results 
from pump-probe experiment with measured dispersion properties of the waveguides. 
Based on the progress and the aim of the project, chapter 7 provides a plan for future 
theoretical and experimental work. The last chapter concludes this thesis with a brief 
outlook of the project.   6 
Chapter 2  Literature Review 
Both parametric wavelength conversion and supercontinuum (SC) generation devices 
are key sub-components for a broadband tunable laser. Parametric effects are one of 
the most important nonlinear effects associated with supercontinuum generation. 
Supercontinuum is created by inducing spectral broadening on an optical pulse from a 
pump laser. The spectral broadening process involves a combination of linear and 
nonlinear optical effects. The linear effect is often referred to  as  group velocity 
dispersion (GVD) and there are several nonlinear effects which  act together with 
GVD during the time while the light pulse propagates in the waveguide. In the mean 
time, there are several other factors that will affect the generation mechanism, e.g. 
input pulse duration and the properties of the waveguide [11]. This chapter provides 
an overview of the key effects  that relate to optical parametric oscillation and 
supercontinuum generation. A brief review of state of the art technologies for getting 
parametric effects and producing the SC is also given in this chapter. 
2.1  Group Velocity Dispersion (GVD) 
Dispersion in the waveguide, often referred to as chromatic dispersion, comprises the 
material dispersion and the waveguide dispersion. Material dispersion can be 
described as the refractive index variation of the waveguide material dependent upon 
the wavelength of the spectral components in the pulse and waveguide dispersion is 
induced by the confinement of the light within the waveguide structure [3, 14]. In 
reality, the pulse travelling  in the waveguide has a temporal distribution, i.e. an 
envelope, which travels at the speed of  g v , the group velocity [3, 15]. The dispersion   7 
of the group velocity (D), described by the second derivative of  g v , is defined as the 
group velocity dispersion as [3]: 
2
2
λ
λ
d
n d
c
D − =                 (1)  
where λ  is the wavelength, c is the speed of light in vacuum, and n is the refractive 
index of the material at λ . 
 
In the case of  0 = D , the wavelength corresponding to the zero dispersion is therefore 
called zero-dispersion wavelength (ZDW):  D λ λ = . When  0 < D , i.e.  D λ λ < ,  the 
region is referred to as normal GVD regime. High frequency components of an optical  
pulse travel  slower than the low frequency components of the same pulse. The 
opposite occurs in the so called anomalous GVD regime, where  0 > D  and  D λ λ >  
[3]. 
 
GVD  alone can  introduce the broadening of the pulse over  a sufficient length of 
propagation (the dispersion length  D L ) since the pulse can maintain its width only if 
all spectral components arrive together. If the propagation length L  is also longer 
than the length over which nonlinear effects are significant (the nonlinear length  NL L ), 
the nonlinear optical effects will act together with the dispersion leading to different 
behaviour than the GVD alone [3]. 
2.2  Nonlinear Optical Effects 
All dielectric materials exhibit optical nonlinearities for very intense electro-magnetic 
fields. These originate from an induced anharmonic motion (polarization field) of 
bound electrons under the influence of the applied optical field [3]. This nonlinear 
optical phenomena is commonly described by expressing the induced polarization (P ) 
in terms of the applied electric field strength (E ).The time-varying polarization can 
induce electromagnetic charge acceleration, which in turn generates electromagnetic 
radiation (i.e. new components of the electromagnetic field) [4]. The total polarization 
induced by electric dipoles satisfies the following relation [3]: 
) (
) 3 ( ) 2 ( ) 1 (
0 ⋅ ⋅ ⋅ + + + ⋅ = EEE EE E P χ χ χ ε             (2)   8 
where  0 ε  is the vacuum permittivity and 
) ( j χ ( j =1, 2, ...) is the j th order 
susceptibility. The linear susceptibility (
) 1 ( χ ) has the most dominant effect on  P , 
relating to  dispersion and attenuation  effects described in the above section. The 
second-order susceptibility (
) 2 ( χ ) is responsible for nonlinear effects such as second-
harmonic generation (SHG) and sum/difference-frequency generation, but only exists 
for materials with non-centrosymmetric crystal lattice. The third-order susceptibility 
(
) 3 ( χ ) exists in all materials and is involved in most nonlinear interactions such as 
third-harmonic generation (THG), and four-wave mixing (FWM) [3, 4]. Therefore, 
for materials with centrosymmetric crystal lattice, 
) 3 ( χ  dominates most of the 
nonlinear effects, and  other higher order nonlinear coefficients can  be negligible. 
Hence, the nonlinear polarization ( NL P ) could be simplified to [3]: 
EEE PNL
) 3 (
0χ ε =                   (3) 
Some of the nonlinear optical effects associated with pulse broadening are responsible 
for the generation of extra  frequency components in the SC  leading to enhanced 
broadening. These effects  are  caused by the optical response (and temporary 
modification) of a nonlinear material under the application of a large optical field,  
and  include  Optical Kerr Effect, Self-Phase Modulation (SPM),  Optical Solitons, 
Cross-Phase Modulation (XPM), Stimulated Raman Scattering (SRS), and Four-Wave 
Mixing (FWM). The next section explains each of these nonlinear optical effects in 
turn  to provide an insight to  expected nonlinear effects that  can occur  inside the 
waveguides. 
2.2.1  Optical Kerr Effect 
The optical Kerr effect is the phenomenon in which the refractive index of the 
medium changes when the electron orbit becomes deformed by the strong electric 
field [14]. This could be expressed as [14, 16]: 
( ) ( ) t I n n t n 2 0 + =                   (4) 
where  0 n  is the linear refractive index, I  is the optical intensity, and  2 n  the Kerr 
coefficient (or nonlinear refractive index). In solid semiconductors,  2 n  is related to 
third-order susceptibility (
) 3 ( χ ) by the following equation [17]:   9 
) 3 (
2
0
2
2
16
χ
π
cn
n =                   (5) 
where c is the speed of light in vacuum. 
2.2.2  Self-Phase Modulation (SPM) 
SPM is a phenomenon caused by the optical Kerr effect (which induces intensity 
dependent index change in the refractive index of a material) causing broadening of 
the pulse spectra. It is a pulse effect that leads to the preceding edge of the pulse being 
red-shifted and the trailing edge to be blue-shifted as shown in Figure 2(a) [14]. In the 
mean time, the angular frequency decreases at the preceding edge of the pulse and 
increases at the trailing edge, see Fig. 2(b) [14]. The above time-dependent change, or 
modulation of the phase, leads to spectral broadening/frequency chirping (δω ) of the 
optical pulse [14, 16]. 
 
The time dependence of the frequency variation induced by SPM for an optical pulse 
is given by [4]: 
) ( ) ( 0 t t δω ω ω + =                   (6) 
where  0 ω  is the frequency of the original pulse,  ( ) t
dt
d
t NL φ δω = ) (  is the changing 
term, therefore, maximum frequency change of the pulse with initial pulse width of 
0 τ  is: 
0
(max)
max τ
φ
δω
NL ∆
≈ . The phase change term  ) (t NL φ  is given by [4]: 
( ) L
c
t I n t NL
0
2 ) (
ω
φ − =                  (7) 
where  ( ) t I  is the intensity change with respect to time, and  the maximum phase 
change of the pulse  L
c
I n NL
0
0 2
(max) ω
φ ≈ ∆ , where  0 I  and  L  are the original pulse 
intensity and interaction length, respectively.  Therefore, the maximum change in 
frequency caused by SPM for  0 2 > n  is:   10 
0
0
0 2 max
1
τ
ω
δω L
c
I n ≈                 (8) 
The spectral broadening effect on the optical pulse makes SPM one of the dominant 
effects responsible for generating the SC. 
 
 
Figure 2: Self-phase modulation of optical pulse: (a) pulse waveform and (b) instantaneous 
angular frequency/wavelength change [14] 
 
The SPM induced nonlinear spectral broadening can either be magnified or 
compensated by the GVD effect [16]. In the normal dispersion regime, the nonlinear 
dispersion is magnified by the GVD, which can result in enhanced broadening. The 
energy of the optical pulse is dispersed into the preceding and trailing edges and the 
pulse temporal shape becomes square. The latter effect of the pulse can be used for 
pulse compression when the pulse is passed through an anomalous medium like a 
grating pair [14, 16]. In the anomalous dispersion regime, the nonlinear dispersion is 
compensated by the GVD, since the GVD now has a compression effect on the optical 
pulse, which can lead to optical soliton formation if the compression balances the 
SPM broadening. If the system exhibits an instability that modulates the steady state 
of the soliton, the combined effect of SPM and GVD becomes a nonlinear   11 
phenomenon called modulation instability (MI) [3, 16]. Both optical soliton and MI 
effects are described in the following section. 
2.2.3  Optical Solitons 
An optical soliton is a special kind of wave packet that can propagate undistorted over 
long distances  [3]. Solitons occur  when the nonlinear dispersion is exactly 
compensated by the GVD across the entire pulse [16], see Fig. 3 [3]. 
 
 
Figure 3: Illustration of optical solitons effect in fibre [3] 
 
The simplest soliton is the fundamental soliton with the soliton order  1 = N , where 
the pulse shape does not change on propagation. Higher-order solitons are also 
possible providing the peak power is 
2 N  times that required for the fundamental 
soliton, where higher-order solitons periodically change their temporal pulse shape 
(see Fig. 4 [14]) [3, 14]. Although solitons are not directly related to SC generation, 
the combination of solitons and other effects creates a lot of interesting phenomena 
that give rise to the spectral broadening and so are mentioned here. 
   12 
 
Figure 4: Temporal pulse shape variation of the third-order optical soliton [14] 
 
2.2.3.1  Modulation Instability (MI) 
Many nonlinear systems exhibit an instability that leads to modulation of the steady 
state as a result of interplay between nonlinear and dispersive effects. This 
phenomenon is referred to as the modulation instability (MI) in which the side-band 
component of the amplitude-modulated light grows exponentially under certain 
conditions [3, 14]. Figure 5 [14] shows the growth of side-band components by the 
MI in optical fibre with input power: (a) low, (b) 5.5 W, (c) 6.1 W, and (d) 7.1 W. 
   13 
 
Figure  5:  Growth of side-band components  (indicated by red arrows)  by the  modulation 
instability in optical fibre with input power: (a) low, (b) 5.5 W, (c) 6.1 W, and (d) 7.1 W [14] 
 
2.2.3.2  Higher-Order Effects 
Higher-order effects such as higher-order dispersion, self-steepening, and intrapulse 
Raman scattering can introduce perturbations to solitons causing interesting effects 
like auto-solitons, soliton fission, and soliton self-frequency shift [3]. These parasitic 
effects all involve spectral broadening or generation of new frequency components, 
some of which have  been  shown to be  the dominant effect responsible for SC 
generation [3, 9, 11, 16].   14 
2.2.4  Stimulated Raman Scattering (SRS) 
SRS was first observed in 1962 and is caused by the interaction between pump light 
photon and a solid, which is excited and releases a low-frequency photon by making 
transitions to a vibrational state. In SRS, both forward and backward scattered waves 
are generated and most of the pump energy is transferred to the so-called Stokes wave 
[3]. When there is no seed for the Stokes light for SRS, i.e.  0 ) 0 ( = s I  at  0 = z , SRS 
can build up from spontaneous Raman scattering, which requires Stokes power equal 
to the pump power to be at least 
eff R
eff
c L g
A
P
⋅
=
16
 [14]. Therefore, SRS in silica fibres 
requires much high powers, typically >1 W, and the Raman shift is around 13.2THz 
for silica fibre [3, 14, 16]. The generated Stokes light intensity along the propagation 
direction ( ) (L Is ) could be obtained by [14]: 
) exp( ) 0 ( ) ( 0 L L I g I L I s eff R s s α − ⋅ ⋅ ⋅ =             (9) 
where  p p eff L L α α / )] exp( 1 [ − − =  is the effective length,  0 I  is the pump intensity,  R g  
is the Raman gain coefficient,  p α  and  s α  are losses of pump and Stokes light, 
respectively. From equation 9 above,  R g  is the most important quantity for describing 
SRS [3]. Figure 6 [14] below shows the Raman gain coefficient of the first Stokes 
light when pumped at  m µ λ 1 = . 
 
 
Figure 6: Raman gain spectrum of silica glass [14]   15 
SRS is particularly important for SC since it is affected by the four-wave mixing 
process in any medium [3]. Therefore, SRS and parametric FWM between a pump 
and a Stokes wave can generate the anti-Stokes wave or, equivalently, two pump 
photons can simultaneously generate a Stokes and an anti-Stokes photon. This SRS-
FWM process with high power picosecond pulses could be a dominant process for the 
generation of SC [16]. 
 
If the wavelengths of the pump and Raman pulses lie in the anomalous GVD regime, 
the Raman pulse could propagate as a soliton under certain condition. This is referred 
to as a Raman soliton [3]. Another higher-order effect related to Raman scattering is 
intrapulse Raman scattering, which is a phenomenon that can occur even before the 
threshold of noise-induced SRS is reached. When combined with the higher-order 
solitons, intrapulse Raman scattering could introduce the soliton self-frequency shift 
as stated in  2.2.4.2 [3]. 
2.2.5  Cross-Phase Modulation (XPM) 
XPM is similar to SPM as both of the effects are caused by the Kerr effect [3]. The 
difference is XPM involves two optical beams with different wavelengths propagating 
inside the waveguide and SPM assumes only one inside the waveguide [16]. In XPM, 
the intensity modulation of one of the beams results in a phase modulation of the 
other, therefore, the XPM induced spectral broadening could be twice as large as in 
SPM. In practice, XPM always accompanies SPM when two or more optical fields are 
launched simultaneously into the waveguide [3, 16]. Since nonlinear effects such as 
stimulated Raman scattering and four-wave mixing are capable to generate waves at 
new wavelengths, XPM can either induce energy transfer between two waves or 
couple the two optical field without inducing any energy transfer between them [3]. 
 
By separating the rapidly varying part of the electric field and substituting it into 
equation 3, four terms depending on  1 E  and  2 E  are obtained [3]:   16 
1
2
2
2
1 1 ) 2 ( ) ( E E E P eff NL ⋅ + = χ ω               (10) 
2
2
1
2
2 2 ) 2 ( ) ( E E E P eff NL ⋅ + = χ ω               (11) 
*
2
2
1 2 1 ) 2 ( E E P eff NL ⋅ ⋅ = − χ ω ω               (12) 
*
1
2
2 1 2 ) 2 ( E E P eff NL ⋅ ⋅ = − χ ω ω               (13) 
where  eff χ  is the effective nonlinear parameter related to 
) 3 ( χ . The new frequencies 
introduced in equations 12 and 13 originate from four-wave mixing effect discussed 
in the next section (i.e. section 2.2.6). 
 
XPM can also result in several XPM-induced coupling effects such as a multi-peak 
temporal structure of the pulses, polarization-dependent spectral broadening, pulse 
trapping, and optical wave breaking [3, 16]. Experiments undertaken in chapter 5 
show that XPM is a key process involved in SC generation in our waveguides. 
2.2.6  Four-Wave Mixing (FWM) 
FWM is one of the important nonlinear effects that contribute to the generation of SC. 
FWM is a nonlinear response of bound electrons of a material to an electromagnetic 
field, i.e. an optical field in context of nonlinear optics.  FWM  is a  third-order 
parametric process which involves the nonlinear interaction among four optical waves 
[3].  The efficiency of this third-order nonlinear process strongly depends on the 
phase-matching condition [3, 14, 18]. In quantum-mechanical terms, FWM occurs 
when photons from one or more waves are annihilated and new photons are created 
during parametric wavelength conversion:  4 3 2 1 ω ω ω ω + → +  [3, 18]. The intensity 
of the new component ( 4 I ) is determined by the intensities of the other three ( 1 I  to 
3 I ) through the general equation [18]: 
2
2
3 2 1
2 ) 3 (
4 2 /
) 2 / sin(
 

 

⋅ ∆
⋅ ∆
⋅ ⋅ ⋅ ⋅ ⋅ ⋅ =
l k
l k
l I I I const I χ           (14) 
where  4 3 2 1 k k k k k − − + = ∆  is the phase-mismatch, and l  is the effective 
propagation length. 
   17 
In the above case, two photons with frequencies of  1 ω  and  2 ω  are annihilated, while 
two photons at frequencies  3 ω  and  4 ω  are created simultaneously such that 
2 1 4 3 ω ω ω ω + = + . In general,  2 1 ω ω ≠ , and two generated frequency components lie 
symmetrically at the side of a central pump frequency of 
2
2 1 ω ω +
. This is called non-
degenerate FWM [14]. In the special case called degenerate FWM, where  2 1 ω ω = , a 
strong pump wave at  1 ω  creates two sidebands located symmetrically at frequencies 
3 ω  and  4 ω  [3]. Figure 7 [14] shows the frequency arrangement of (a) non-degenerate 
FWM, and (b) degenerate FWM, so called stimulated optical parametric amplification, 
in the zero-dispersion region. 
 
 
Figure 7: Frequency arrangement of FWM satisfying the phase-matching condition in zero-
dispersion region: (a) non-degenerate case and (b) degenerate case [14] 
 
Another factor that affects  the FWM process is the high polarization-dependence 
since  conservation of angular momentum  is required  among the four interacting 
photons. The efficiency of the newly generated waves in the process depends on the 
frequency separation, dispersion, and length of the waveguide [14]. Figure 8 [14] 
demonstrates the generated wave efficiency as a function of channel spacing in FWM. 
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Figure 8: Generated wave efficiency as a function of channel spacing [14] 
 
It is shown that FWM efficiency is quite high for fibre at zero-chromatic dispersion 
( 0 = σ ) when channel spacing ( i k f f f − = ∆  for degenerate FWM shown in figure 7b) 
is less than 100 GHz and will dramatically decrease as the σ  increases. The 
chromatic dispersion will be small enough if single mode fibre is considered. The 
reason for requiring a small dispersion is because the beam bandwidth (B) is inversely 
proportional to  σ  [14]. 
2.2.6.1  Third Harmonic Generation (THG) 
One special case of the four-photon parametric interaction results in three photons 
transferring their energy to a single photon at frequency  3 2 1 4 ω ω ω ω + = − , and if 
3 2 1 ω ω ω = = , this term is referred to as third harmonic generation (THG) [3, 18]. For 
THG, the phase-mismatch becomes  1 4 3k k k − = ∆  and equation 14 becomes [18]: 
2
2 3
1
2 ) 3 (
4 2 /
) 2 / sin(
 

 

⋅ ∆
⋅ ∆
⋅ ⋅ ⋅ ⋅ =
l k
l k
l I const I χ             (15) 
The experimental results of THG effects in planar waveguide samples are presented in 
detail in chapter 4.   19 
2.2.7  Stimulated Optical Parametric Amplification 
Stimulated optical parametric amplification (OPA) effect is one of the key effects 
used for tunable  laser systems, such as optical parametric amplifier (OPA). The 
optical parametric amplifier could act as a versatile tunable  source capable of 
producing beams in the infra-red (IR), visible, and ultraviolet spectral regions with 
either continuous-wave or pulse durations of nanoseconds, picoseconds, or 
femtoseconds [4]. Stimulated parametric amplification could be categorized as either 
a 
) 2 ( χ  or 
) 3 ( χ  governed effect, where three or four-photon interactions are involved, 
respectively. The parametric amplification generated from bulk crystals is  based on a 
) 2 ( χ  effect, and is the basis of operation for commercial OPA systems manufactured 
by Newport Co. and Coherent Inc., see fig. 1 in Chapter 1 [1, 2, 4, 19]. These laser 
systems provide very high quality tunable output with high power level, making them 
the industry standard pump source for nonlinear experiments. 
 
 
When four-photon process are involved, the optical parametric amplification effect is 
categorized as a 
) 3 ( χ  process, and is often referred to as degenerate four-wave mixing 
[3, 14]. Photonic crystal fibres and nonlinear waveguides made by different materials 
(including the planar waveguides used in this thesis),  are used for 
) 3 ( χ  type 
parametric amplification where the intensities follow the relationship [18]: 
2
2 2 2 ) 3 (
2 /
) 2 / sin(
 

 

⋅ ∆
⋅ ∆
⋅ ⋅ ⋅ ⋅ ⋅ =
l k
l k
l I I const I seed pump output χ          (16) 
More detailed discussions of the above equation  are  given in chapter 6 where 
parametric outputs from waveguides are discussed in detail. 
2.2.7.1  Review of Current Works 
OPA governed by 
) 2 ( χ  effects have  been well established and commercialized as 
laser sources that provide tunable output with similar power across the wavelength 
range. For example, the optical parametric amplifier, OPA9400, manufactured by 
Coherent Inc., pumped by a 800 nm mode-locked femtosecond laser, could provides 
visible outputs between 500 – 700 nm and IR outputs from 900 – 2400 nm [1]. This   20 
device has been used as source/pump for the THG, continuum generation, and pump-
probe experiments in the following 3 chapters, respectively. 
 
OPA examples governed by 
) 3 ( χ  are normally achieved by using either photonic 
crystal fibre (PCFs) based on  2 SiO  or planar waveguides. Experimental results from 
PCFs have been shown  by  Sharping  et al.  [20]  and Sloanes et al.  [21].  Both 
experiments demonstrate the OPA effect from a single seed wavelength. Silicon oxide 
PCF nanowires demonstrated spectral widening compatible with the parametric effect 
[21], but suffer from problems of low damage threshold and difficulty of chip level 
integration which prevent the PCF from replacing the bulky systems used nowadays. 
The 
) 3 ( χ  OPA has also been demonstrated in planar waveguides with core materials 
of  3 LiNbO  [22], silicon (Si ) [23, 24], and chalcogenide ( 3 2S As ) [25-30] glasses. The 
damage threshold issues also apply to silicon and chalcogenide nanowire waveguides 
made from the above materials, this  limits use of parametric effects to 
telecommunications applications, which do not require high powers to operate. 
 
All the above examples operate at telecommunications wavelengths and have a very 
limited tuning range of less than 100 nm, (this is much narrower than the results 
obtained in this study presented in chapter 6). The damage threshold for the core 
materials of most of the examples above is also quite low compared to  5 2O Ta , which 
is capable of withstanding peak power densities of 
7 10 5 . 2 ×
2 /m GW , (these figures 
have been validated by SEM images of waveguide facets after the experiments). The 
majority of 
) 3 ( χ  type parametric oscillators based on fibres and waveguides are also 
seeded and pumped close to the telecommunication wavelength and no inverse 
operation that leads to visible beams has ever been shown before. 
2.3  Supercontinuum (SC) Generation 
The phenomena of the SC generation were discussed in detail in the introduction to 
this thesis. This section briefly discusses the specific dominating nonlinear effect(s) 
that are responsible for creating SC under conditions relevant to our waveguides. 
Currently, SC is produced by propagation of various types of pulsed laser sources   21 
through the waveguides. One way of summarizing these works is to categorize the 
pump laser source by their pulse width: picosecond pulses, continuous-wave (CW), 
and femtosecond  pulses  [3].  Nonlinear effects contributing to SC generation are 
dependent upon the pump pulse width and so are now considered separately. 
2.3.1  Pumping with Picosecond Pulses or CW Pulses 
For the case of picosecond pump pulses, SPM, SRS, and FWM along with dispersion 
effects in the waveguide are the key nonlinear processes which govern the mechanism 
of SC generation, except that CW pumping requires a much higher power source [3, 
11, 16]. SPM can induce spectral broadening of the pulse, but SPM alone cannot 
produce a supercontinuum extending over 100  nm or more [3]. As soon as SPM 
broadens the pump by 5 nm or more SRS can amplify the pulse spectrum on the long-
wavelength side of the pump, but it can only enhance the supercontinuum selectively 
on the long-wavelength side, i.e. no short-wavelength components are generated by 
SRS, and thus  SRS alone  creates an asymmetric spectrum  [3, 11].  The short-
wavelength components are  produced by the FWM providing the phase matching 
condition are met. The output also depends on the pump wavelength with respect to 
the ZDW governed by the GVD  [3, 16].  The  wavelength-dependence of the 
mechanism is illustrated in Figure 9 [11]: 
 
•  For a pump wavelength far from the ZDW in the normal GVD regime: 
FWM effect is not significant. Hence, in this case the supercontinuum is 
generated by SRS and then broadened by the combined effects of SPM and 
XPM [11] (see the first two graphs in Fig. 9 [11]). 
 
•  For a pump wavelength near to the ZDW in the normal GVD regime: 
The new frequency components are first introduced by the higher-order 
dispersion phase-matched FWM before SRS can occur. After that, the 
spectrum is broadened by Raman and XPM effects close to  the pump 
wavelength and the side band component induced by FWM in the anomalous 
GVD regime is broadened by the soliton-fission-like dynamics [11] (as shown 
in the third graph in Fig. 9 [11]). 
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•  For a pump wavelength at the ZDW or in the anomalous GVD regime: 
The mechanism is as describe above, where all of the effects act together to 
produce a relatively uniform SC, as shown in the 780 nm and 800 nm pump 
cases in Fig. 9 [11]. However, as the bottom graph of Fig. 9 shows, pumping 
further in the anomalous GVD regime results in disappearance of the spectrum 
in the normal GVD regime since  the initial spectral broadening does not 
generate sufficient bandwidth [11]. 
 
Figure 9: Simulation results of the spectral and temporal characteristics of the SC generated 
by selected pump wavelengths in a 2 m long PCF with 500 W – 20 ps input (dashed line 
indicates the zero-dispersion wavelength) [11]   23 
2.3.2  Pumping with Femtosecond Pulses 
For femtosecond pumping in the anomalous GVD regime, experiments on photonic 
crystal fibres (PCFs) show that the spectral broadening process is provided by the 
Raman effect, and the soliton fission which occurs  within the first 1 cm of 
propagation [3, 11]. The weighting on spectral broadening caused by these two effects 
depends on the input pulse width of the pump. For input pulse duration larger than 
200  fs,  the  Raman  effect  is  dominant  in  the initial propagation stage; for pulse 
duration less than 20 fs, soliton fission is the primary effect to induce the spectral 
broadening. For the duration of the pulses in between, both effects contribute to the 
broadening with comparable weighting [11]. After 1 cm of propagation and initial 
spectral broadening, further propagation distance is associated with continuous red-
shift of the long-wavelength but without further extension of the short-wavelength 
edge  [11].  In case of the wavelength-dependence of the SC  generated by the 
femtosecond pulses, ZDW is also the boundary line similar to the picosecond pulses 
[11]: 
 
•  For a pump wavelength far from ZDW in the normal GVD regime: 
SPM is the dominant nonlinear process responsible for the spectral broadening 
to create SC [11] (see the first two graphs in Fig. 10) [11]. 
 
•  For a pump wavelength close to the ZDW in the normal GVD regime: 
Initial broadening is induced by SPM, and the generated frequency 
components in the anomalous GVD regime then follow the mechanism of 
broadening process as explained above [11] (see 700 nm case in Fig. 10) [11]. 
 
•  For a pump wavelength at the ZDW or in the anomalous GVD regime: 
The  energy transfer mechanism is as explained above, in  which  case  the 
Raman effects and the soliton fission are dominant. The results of pumping at 
this regime is demonstrated by the bottom three graphs in Figure 10 [11].   24 
 
Figure 10: Simulation results of the spectral and temporal characteristics of the SC generated 
by selected pump wavelengths in a 2 m long PCF with 10 kW – 50 fs input (dashed line 
indicates the zero-dispersion wavelength) [11] 
 
2.3.3  Other Issues Related to Supercontinuum 
The process of SC formation includes pulse broadening as well as splitting. XPM 
could be introduced to create additional spectral components as two of the generated 
pulses overlap temporally and interact as they co-propagate some further distance. 
Thus, XPM is quite important for SC in highly nonlinear waveguides [3]. Since most 
of the nonlinear effects are directly dependent on the polarization state, the resulting 
SC also depend on the orientation of the input polarization, i.e. state of polarization   25 
(SOP) [3, 11]. Another issue along with the SC is its coherence property which is 
affected by the fluctuations in the energy, width, arrival time of individual input 
pulses, and the input noises [3, 11]. 
2.3.4  Supercontinuum (SC) Generation Applications 
This section briefly explains some of the key applications of SC generation such as: 
optical parametric amplifier (OPA), frequency metrology, optical coherence 
tomography (OCT), pulse compression, and wavelength division multiplexing 
(WDM). 
2.3.4.1  Optical Parametric Oscillator/Amplifier (OPO/OPA) 
OPO/OPA is a laser light source that emits light of adjustable wavelengths through an 
optical parametric amplification process [31]. OPA is a versatile source of frequency-
tunable radiation throughout the infra-red, visible, and ultraviolet spectral regions. 
OPO/OPA could have continuous-wave, or pulse duration of nanoseconds, 
picoseconds, or femtoseconds depending on the pump source [4]. In order to achieve 
tunability in an OPA, it is necessary that one of the frequencies is adjustable, or 
alternatively has wide bandwidth. A supercontinuum (SC) source  can therefore 
provide the necessary bandwidth, has a flat spectrum, and amplitude could be similar 
to the level of the other mixing component (usually a shorter wavelength output by 
harmonic generations). 
 
 
Figure 11: Optical path of an OPA9400 (Inset: the schematic illustration of an OPA9400) [1]   26 
Figure 11 illustrates the internal optical path of a commercially available OPA system 
produced by  Coherent Inc.  [1]  In this case  SHG and continuum generation are 
generated from the same pump  source. Alternatively they could be  introduced 
separately by two different pump lasers. As the parametric processes are extremely 
sensitive to phase-matching condition, two pass delays are used to provide the phase-
matching condition for parametric wavelength conversion. The results of the wave-
mixing (either from sum/difference frequency generation govern by 
) 2 ( χ  or non-
degenerate four-wave mixing govern by 
) 3 ( χ ) give one beam and one idler output 
[31, 32]. The OPA system used for experiments in chapter 4, chapter 5, and chapter 6 
gives two outputs at wavelength range of visible (480 – 700 nm) and infra-red (933 – 
2300  nm), respectively. The fibre-based OPA is known as fibre-optic parametric 
amplifier (FOPA), where optical fibres are only used to provide the medium for wave-
mixing [3], i.e. similar function as the OPA BBO in figure 11. One of the difficulties 
of using all-fibre configuration for an OPA is the control of propagation length to 
achieve the phase-matching condition, i.e. two pump beams have to arrive at the same 
time for wave-mixing process. With careful layout design, the SC and harmonic 
generation can be arranged in a planar arrangement to ensure that the two beams can 
meet the phase-matching condition, which means an on-chip tunable laser source is 
achievable from planar waveguides in a similar manner to the fibre devices (this is a 
key advantage of the approach adopted in this work). 
2.3.4.2  Optical Coherence Tomography (OCT) 
OCT is an imaging technology that allows in-vivo  and  in-situ  cross-sectional 
morphological imaging of transparent and non-transparent biological tissue on a 
micrometer scale [8]. Therefore, OCT has many applications in the biomedical field, 
which include: ophthalmology (e.g. retina OCT/imaging at wavelengths around 840 
nm),  cardiovascular imaging,  gastroenterology, and dermatology. The  high speed 
capturing advantage of OCT makes the OCT based systems capable of providing 3D 
information based on sets of 2D scans at different depths using either B-scan or OCT 
for detecting early stage eye diseases. In the case of atherosclerotic lesions, the quality 
of OCT images have proved that it can match the gold standard for intracoronary 
imaging (intravascular ultrasound). The penetration depth for skin examination using 
OCT could reach up to ~2 mm, which is much more than ~0.25 mm using standard   27 
confocal microscopy  [33].  Because the longitudinal image resolution ( z ∆ ) is 
inversely proportional to the bandwidth ( λ ∆ ), and proportional to the square of the 
centre wavelength ( 0 λ ), where 
λ
λ
π ∆
= ∆
2
0 ) 2 ln( 2
z , OCT typically operates  at low 
resolution  [6, 8]. Since the peaks and dips could result in artefacts  in the OCT 
measurements, the SC source spectrum needs to be as smooth as possible. The 
flatness of the generated SC is one of the remaining challenges to the current devices, 
thus, a careful selection/design of the device is critical for OCT systems  [6, 11]. 
Photonic crystal fibres (PCFs) currently used as  SC sources for OCT struggle to 
achieve suitably flat spectral response since the SC generation processes rely on 
effects including SPM, XPM, SRS, and FWM and also input power density. One 
objective of this project is to investigate the creation of planar sources with improved 
spectral noise. 
2.3.4.3  Frequency Metrology 
Most spectroscopic experiments nowadays rely on the measurement of optical 
wavelengths rather than frequencies. Frequency metrology applies a Fourier transform 
(FT) to modes of a mode-locked femtosecond laser to produce a precise ruler in 
frequency space. The FT results in a series of frequency spikes called a frequency 
comb(see figure 12) [7, 34]. However, the absolute frequency offset from zero ( CE ω ) 
is unknown. This can  be determined by mixing two components of an octave-
spanning spectrum as shown in figure 13 [34]. The broadband SC source is capable to 
be used in this method for precise measurement of  frequencies in spectroscopic 
experiments since the frequency comb bandwidth is proportional to the spectral width 
[7]. One of the potential applications for frequency metrology is to develop an all-
optical clock for satellite navigation, communication, and network synchronization 
[7]. 
   28 
 
Figure 12: Frequency comb from a mode-locked laser [34] 
 
Figure 13: Determination of absolute frequency offset from zero by mixing two components 
of an octave-spanning spectrum [34] 
 
Frequency metrology requires a phase-stable, octave-spanning SC source with good 
spectral flatness. Therefore, SC generated from high power femtosecond pulses in the 
anomalous dispersion regime could be the ideal solution for frequency metrology [11]. 
2.3.4.4  Pulse Compression 
Pulse compression is widely reported in literature using several different approaches 
[35-38]. One common approach is to apply dispersion compensation to a SC, using 
chirped mirrors, such that the output pulses of a SC laser are compressed to the sub-10   29 
fs regime [37]. Steinmeyer and Stibenz reported a method to compress the SC pulses 
down to duration of 3.8 fs using chirped mirrors in [37] in 2005, but the method is 
only valid for certain bandwidth of SC spectrum (300  nm at an 800  nm centre 
wavelength) [37]. The other common approach is to use prism pairs with negative 
dispersion to achieve the compression (see figure 14) [39]. 
 
 
Figure  14: Prism sequence having negative dispersion (The prisms are used at minimum 
deviation and oriented so that the rays enter and leave at Brewster's angle. The arrangement is 
symmetric about the plane MM') [39] 
 
The coherence and phase-stability properties of the SC source are essential for pulse 
compression, and the bandwidth of the spectrum varies depending on approach. 
Hence, the SC generated from input pump wavelengths either in the normal or in the 
anomalous dispersion regime could satisfy the requirements for performing pulse 
compression [11]. 
2.3.4.5  Wavelength Division Multiplexing (WDM) 
Nonlinear effects, which lead to pulse broadening and cross talk, are mostly unwanted 
side effects in high bit-rate telecommunication systems. However, SC can be used in 
high transmission-power WDM systems that normally require hundreds of discrete   30 
modulated lasers. By spectrally slicing a SC generated around 1550  nm, one can 
generate hundreds of channels with only a single laser. Each channel can 
subsequently be modulated separately to carry data  [6]. Recent works done by 
Nakasyotani et al. [40] showed that it is possible to get over 10000 channels using a 
single 65 nm wide SC source, but the system suffered from several unsolved issues, 
such as channel spacing dependence of wavelengths [40]. 
 
For WDM applications it is desirable for the bandwidth of SC to be as wide as 
possible and have good coherence. Hence pumping in the anomalous dispersion 
regime is one of the ideal solutions for generating a SC source for WDM. Pumping in 
the normal dispersion regime will produce SC with good coherence properties, but 
will have reduced bandwidth. For WDM with lower requirement on the number of 
channels,  a  SC source with pump wavelength  residing  in the normal dispersion 
regime could possibly be the best solution [11]. 
2.3.5  Supercontinuum Generation in Different Guiding Mediums 
Supercontinuum generation has been studied intensively in optical fibres, particularly 
photonic crystal fibres in recent research, both theoretically and experimentally. The 
majority of experiments with the fibres use silica or doped silica as the core material. 
However, there are several proposals for using other solid core materials, such as 
Tellurite ( 2 TeO ) glass (index of 2.3-2.4) [41], chalcogenide ( Se As− ) glasses with 
high nonlinearity [42], and liquid core [43]. In the next section a few examples of 
planar waveguide designs for SC generation are reviewed. 
2.3.5.1  Conventional Fibres 
Before PCFs become commonly  used  for SC  generation  (around 1996), a lot 
theoretical and experimental work was done to analyze the nonlinear effects related to 
SC [11]. Experiments showed that Raman scattering, SPM, XPM, FWM are involved 
in SC  generation  [44-46]. The theoretical analysis of the nonlinear Schrödinger 
equation (NLSE), done by Hasegawa and Tappert [47], suggested that the soliton 
propagation in the anomalous GVD regime is possible, which opens up the 
possibilities for higher-order soliton and soliton fission [48] to occur in the fibres.   31 
2.3.5.2  Highly Nonlinear Fibres (HNLFs) 
Highly nonlinear fibres, in which the effective area, the effective length, and the 
nonlinear coefficient are modified,  are designed and fabricated to enhance the 
nonlinearities discussed in the above two sections. HNLFs are usually obtained by 
reducing the effective area and increasing the index contrast of the fibres [3, 16]. 
Several types of HNLFs have been designed based on the above ideas, which include: 
doped silica fibres with reduced core area, tapered fibres, and PCFs [3, 16]. 
2.3.5.2.1  Tapered Fibres 
The core diameter of tapered fibres can be reduced to below 2 m µ  without losing the 
confinement of the optical mode to the core with air as the cladding material. Since 
the dispersion properties of the tapered structures depends strongly on the core 
diameter, the ZDW can be shifted down to around 500nm which makes most of a 
conventional pump source operating in the anomalous dispersion regime, where lots 
of interesting nonlinear effects occur [3]. SC was produced and studied by Leon-Saval 
et al. [49] and Cordeiro et al. [50] with further reduction in core diameter, (under 1 
m µ ). Figure 15 [51] shows the optical spectra at the output for 100  fs pulses at 
average power levels from 60 mW to 380 mW for a 9 cm long tapered fibre with a 
2 m µ  waist. It is clear that the broadening of the spectrum increases with increase in 
average input power. 
 
 
Figure 15: Optical spectra at the output of a 9 cm-long tapered fibre with a 2-micron waist. 
The average power was 380 mW, 210 mW, and 60 mW from top to bottom along with the 
input spectrum as the fourth curve [51]   32 
Tapered fibres are not only suitable for the femtosecond pump regime but also for the 
nanosecond pump regime. Figure 16 [52] shows the generated continuum spectrum 
with over 400 nm bandwidth from a 100 mm long tapered fibre with core diameter of 
0.92  m µ  pumped by a 7 ns pulses at 532 nm (repetition rate: 10 Hz) laser with peak 
power of 282 W [52]. 
 
 
Figure 16: Continuum spectra of tapered fibre with core diameter of 0.92 microns pumped by 
282 W peak power, 7 ns pulses laser at 532 nm [52] 
 
2.3.5.2.2  Photonic Crystal Fibres (PCFs) 
PCFs are often referred to as microstructured fibres. PCFs utilize photonic bandgap 
guiding instead of index guiding (as in conventional fibres), so that it is possible to 
make PCFs single mode at all wavelengths. This is referred to as the endlessly single-
mode fibre [53]. PCFs are also capable of providing tight confinement and tunable 
dispersion properties, which are particularly suitable for the observation of nonlinear 
effects such as SC [16]. Due to the special properties of PCFs, a large amount of work 
has been done on  SC generation  since year 2000. This section provides several 
examples relating to the input pulse duration, ZDW properties, pump source, and 
polarization effects. 
 
•  Example of picosecond pump pulse: 
Figure 17 [54] shows output spectra with a 10 m long fibre and input peak 
powers  of 675  W, 225  W, and 120  W (from top to bottom)  [54].  The 
experiment is carried out with 60 ps input pulses at wavelength of 647 nm, 
which is in the  normal GVD regime  of the fiber  (ZDW at 675  nm)  [54].   33 
Although the coupling efficiency is only around 45%, the spectral broadening 
becomes quite obvious at peak power of 675 W [54]. As discussed in section 
2.3.1, the initial broadening is provided by SRS, but this is not significantly 
wide. As the pulses propagate further, SPM-induced broadening gives rise to 
the SC spectrum [11, 54]. 
 
 
Figure 17: Output spectra with a 10 m long fibre and for input peak powers of 675 W, 225 W, 
and 120 W (from top to bottom) [54] 
 
•  Example of CW source: 
The SC is also produced by CW input by Abeeluck et al. (see Fig. 18) in 2004 
[55]. Three HNLFs were fabricated with ZDWs at 1481 nm, 1481 nm, and 
1478 nm. A CW pump with wavelength of 1486 nm was used, which resides 
in the anomalous GVD regime of each HNLF.  The results show that the 
spectral broadening could occur with input power of 0.4  W, but both the 
output spectral flatness and the spectral power are not good enough comparing 
to the higher power input. Comparing figures 18(a), 18(b), and 18(c), it shows 
that longer propagation distance gives a better flatness of SC at the output. 
Combined with the dispersion effect, the nonlinear effects  initiated by the 
higher power input, MI, SRS, and FWM play important roles on the formation 
of SC when using CW pump input [3, 55]. 
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Figure 18: Supercontinuum spectra as function of CW input power in PCF length of (a) 0.5, 
(b) 1.0, and (c) 1.5 km [55] 
 
•  Example of femtosecond pump pulse: 
Femtosecond pulses can be used to create SC in a PCF with the ZDW around 
800nm and pump wavelength near the ZDW even for very short fibre lengths 
[3]. Figure 19 [56] shows the resulting SC created by 100 fs – 0.8 nJ pulses at 
790 nm launched into a 75cm fibre demonstrated by Ranka et al. in 2000 [56]. 
The output spectrum shows extreme broadening expanding from 390 to 1600 
nm with good flatness over the entire bandwidth. As discussed in section 2.3.3, 
SPM and SRS are the dominant nonlinear effects responsible for producing 
this flat SC when a femtosecond pump source is used [3, 11, 56]. 
 
 
Figure 19: SC in a 75 cm long PCF. Dashed curve shows the spectrum of the 100 fs – 0.8 nJ 
input pulses [56] 
 
The supercontinuum for highly nonlinear materials other than silica glasses 
has also been investigated. For example, photonic crystal fibres made from 
tellurite  glass pumped by 100 fs pulses of 1.9 nJ at 1550 nm  [57]  show   35 
extremely wide bandwidth (over 4000 nm) (see Figure 20 [57]), from 789 nm 
to 4870 nm. 
 
 
Figure 20: SC spectrum output of an 8 mm Tellurite PCF pumped by 1.9 nJ, 100 fs laser at 
1550 nm. Spectrum is analyzed by optical spectrum analyzer (OSA) and monochromator with 
lead selenide (PbSe) or mercury cadmium telluride (MCT) [57] 
 
•  Example of multiple pumps: 
When two or more pumps with different wavelengths are used as sources for 
SC generation in PCFs, XPM becomes more significant [3]. One example of 
dual pump source initiated SC is presented by Champert et al. [58] in 2004, 
(see Fig. 21) [58]. In the figure below, the pictures show the diffracted beams 
of the SC in the case of (a) single and (b) dual pump configuration. The graph 
shows the resulting power spectra for (a) single pump (532 nm), (b) dual pump 
(532 and 1064 nm), and the far field pattern of the corresponding single mode 
transverse energy distribution is shown in the inset [58]. Pulse durations for 
the two pumps were 420 ps and 600 ps for 532 nm and 1064 nm pulses, 
respectively [58]. The average power of the green pulses (532 nm) is 3 mW 
with peak power of 1.5 kW. Under single pump conditions, Raman scattering 
is dominant, and up to seven Raman orders are generated, (see fig. 21(a)). 
With the additional infrared (IR) pump (1064 nm), continuum is generated 
between 350 nm to 750 nm with great flatness (ignoring the peak at 532 nm 
[58]). Since two pumps are used, XPM affects both the larger wavelength 
region and smaller wavelength region (compared to 532  nm peak of the   36 
spectrum) of the continuum. Other nonlinear processes responsible for the 
generation of SC include SPM, FWM, and SRS [58].  
 
 
Figure 21: Continuum generation in the case of (a) single (532nm) and (b) dual pump (532 
and 1064 nm) configuration. Picture: diffracted beams. Graph: corresponding recorded power 
spectra. Inset: far field pattern of the corresponding single mode transverse energy 
distribution [58] 
 
 
•  Example of PCF with two ZDW: 
One special type of PCF has two ZDWs. Figure 22 [59] shows the measured 
supercontinuum spectrum obtained by pumping low power nanosecond pulses 
into a  20  m PCF  with  two ZDWs  at 745  nm and 1175  nm  [59].  In this 
experiment, the dual pump method is employed with pulse durations of 10 ns 
and  two pump wavelengths at 1064  nm and 532  nm  [59].  The dispersion 
profile of the PCF allows phase-matched degenerate FWM to occur in the 
anomalous dispersion regime at low powers.  Similar nonlinear effects are 
involved in the creation of SC as the multiple pumps example above. The 
output spectrum in this experiment expands from 1050  nm and 1400  nm. 
Because the infrared pump can exacerbate the FWM and inhibit the SRS, the 
output continuum is a single-mode white laser [59]. 
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Figure 22: Measured supercontinuum spectrum using a 20 m PCF [59] 
 
•  Example of polarization effects on the SC: 
Polarization effects can either be introduced by the state of polarization (SOP) 
of the input pulses or by the birefringent of the fibre [3]. Figure 23 [60] shows 
the supercontinuum output images for different input polarization states [60], 
and Figure 24 [61] shows the effect on output spectrum of input polarization 
on the SC: (a) 
 0 = φ  (fast axis), (b) 
 45 = φ , and (c) 
 90 = φ  (slow axis). The 
duration of the input pulse is 200  fs, with average power of 56  mW  at 
wavelength of 732 nm [61]. The dashed lines in the figure indicate the ZDW 
of the fibre along the slow and fast axes, and demonstrate that the dispersion 
properties of the fibre are affected by the SOP as well [3, 61]. 
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Figure 23: Supercontinuum images under linear (left), elliptical (middle), and circular (right) 
polarization excitation conditions [60] 
 
 
Figure 24: Effect of input polarization on SC, at the degree of polarization of (a) 0º, (b) 45º, (c) 
90º with 200 fs – 56 mW input pulses (dashed line indicates the ZDW position) [61] 
 
2.3.5.3  Planar Waveguides 
There are very few examples in literature using high index planar waveguides for SC 
[12, 13]. Similar to fibres, the dispersion properties of planar waveguides vary with   39 
the dimensions as well as the core materials [12, 13]. Figures 25 [12] and 26 [13] 
show the GVD properties of slab & rib, and ridge waveguides, respectively. 
 
 
Figure 25: Dispersion properties of the 1 µm and 1 x 1 µm rib waveguide with tantalum 
pentoxide as core material, rib (solid line) and slab structure (dashed line) [12] 
 
 
Figure 26: Air-TaFD5-SiO2 planar waveguide: (a) ridge structure with a = 4 µm, d = 1 µm, 
and f = 0.5 µm (b) GVD properties of the waveguide [13] 
 
Figures 27 [12] and 28 [13] show SC using femtosecond input pulses obtained from 
the planar waveguides shown above. For an 80 fs chirped input pulse at 1.55  m µ  (in   40 
the normal dispersion regime) with power of 50 pJ, the result from rib waveguide (fig. 
27) show that the SC spectrum expands from 950 nm to 1700 nm [12]. For a 150 fs 
input pulse at 1185 nm (in the anomalous dispersion regime near the first ZDW of the 
guide) with peak intensity of 0.2 TW/
2 cm , the ridge waveguide result (fig. 28) shows 
that the spectrum expands from 750 nm to 2400 nm [13]. Both experiments have 
relatively wide spectrum, but it can be seen that the flatness of the spectra is not as 
excellent as the result obtained for femtosecond input in the PCF demonstrated by 
Ranka et al. in 2000 (see fig. 19) [56]. 
 
 
Figure 27: SC generated 2 x 1.8 µm rib waveguide pumped at 1.55 microns [12] 
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Figure 28: SC generated in the Air-TaFD5-SiO2 ridge waveguide: (a) spectrum, input (green 
dashed line) and output (red solid line) (b) temporal shape [13] 
 
The mechanisms for generating the SC in the planar waveguides are expected to be 
similar to those in PCFs, but the dominant process has not yet been identified or 
discussed  in current literature. Thus, further research is required for the planar 
waveguide designs, and is undertaken in the following chapters of this thesis. 
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Chapter 3  Simulation of Tantalum 
Pentoxide Planar Waveguide 
Dispersion Properties 
3.1  Planar Waveguide Approach 
As mentioned in the introduction to this thesis, planar waveguides not only provide a 
convenient interconnect interface between sub components of a PLC, but also provide 
much more important functionality when fabricated from a nonlinear material. In the 
context of nonlinear optics they provide a medium for phase-matching, which in turn 
affects most nonlinear processes including: XPM, FWM, and spectral broadening 
through Kerr nonlinearity, all of which are important for an on-chip tunable laser. 
 
One of the key issues for nonlinear  waveguide devices is the choice of the core 
material. The material must meet two criteria to satisfy the design requirement: 1) 
high refractive index, and 2) high nonlinearity. Some of the most promising candidate 
materials therefore include: titanium dioxide ( 2 TiO ), Tellurite ( 2 TeO ), chalcogenide 
( Se As− ) glasses, and tantalum pentoxide ( 5 2O Ta ). Figure  29  shows a Matlab 
simulation of material dispersion for  5 2O Ta ,  2 TiO ,  2 TeO , and  2 SiO  according to 
spectroscopic ellipsometry studies in references [62-64] (see Appendix A, B, and C 
for material dispersion equations and fitting parameters). Tantalum pentoxide ( 5 2O Ta ) 
is chosen as the material of choice for this project due to availability and familiarity 
with processing techniques at Southampton. The linear refractive index of   5 2O Ta  is   43 
larger than 2.05 ( 2 Re > n .05), i.e. the real part of refractive index, for wavelengths 
longer than 300 nm, which introduces a large index difference with respect to silica 
glass (which normally has a refractive index of 1.455), and has little absorption, 
indicated by the imaginary part of refractive index in the figure, for any wavelength of 
light above 350 nm. The measurements taken by Tai et al. [65] for a 1 cm long rib 
waveguide in 2004 shows that nonlinear refractive index of  5 2O Ta , 
W m n O Ta / 10 ) 36 . 0 23 . 7 (
2 19
_ 2 5 2
− × ± =  at a single fixed wavelength of 800 nm. This is 
higher than silica glass ( W m n SiO / 10 2 . 2
2 20
_ 2 2
− × ≈ )  by more than one order of 
magnitude [65]. 
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Figure 29: Linear refractive index of potential core materials, solid lines are real part and 
dashed lines are imaginary part of the refractive index [62-64] 
 
A second key issue (apart from the choice of core material) is the waveguide 
geometry. This plays an important role in the design of nonlinear optical devices, by 
providing a means to manipulate the optical power density through spatial 
confinement of light, and enhancement and control of nonlinear effects through   44 
modification of waveguide dispersion conditions, which in turn affect phase matching 
condition. In a simple context, planar waveguides can be divided into rib and ridge 
categories. Similar to the concept of HNLFs, tapers and photonic crystal structures 
can also be incorporated into planar waveguides to further modify their modal and 
dispersion characteristics. Incorporating photonic crystals in nonlinear planar 
waveguides introduces the possibility to create devices with multiple ZDWs and out-
of-plane coupling. 
 
For the design of waveguide based frequency tripling and parametric wavelength 
conversion devices, (discussed in subsequent chapters of this thesis) which rely 
heavily on phase-matching over wide wavelength ranges, the derivation of highly 
accurate dispersion relations (e.g. effective refractive index of the guided modes as a 
function of wavelength) for the constituent guides is of paramount importance. 
 
The use of planar waveguides for supercontinuum generation is in itself currently at 
an early stage of development, and is relatively under-represented in the literature. 
The reported SC generated from planar waveguides to date lack spectral flatness and 
stability as seen in section 2.3.6.3 above. 
 
As shown in the section 2.3, the ZDW is a key parameter which largely determines 
which of the nonlinear optical effects is dominant in the generation of SC. Hence, the 
determination of the ZDW is an important issue for the waveguide design. Secondly, 
according to equation 13 in 2.2.7, the precise values of k (related to effective mode 
index) are critically important to the efficiency of nonlinear processes such as SPM, 
XPM, FWM, and so factors affecting these are explored in detail theoretically in this 
chapter. 
3.2  Discussion of Numerical Accuracy 
Accurate derivation of the ZDW is in practice extremely tricky, due to the fact that 
this is dependent on the 2
nd derivative of the dispersion relation. Any factors which 
change the gradient of the dispersion relation by even a very small amount will have 
an adverse effect on the calculated ZDW. Great effort was therefore taken to ensure   45 
that numerical accuracy of the simulations was of the order of 12 decimal places. To 
achieve this, material dispersion was measured on practical samples, by spectroscopic 
ellipsometry, and the actual values of n and k (as a function of wavelength) for the 
real material fed back into the simulation software. Conventional simulation methods 
based on simple analytic boundary condition solving algorithms (such as beam 
propagation method) provide good accuracy for 1-dimensional geometries but 
perform poorly when transferred to two-dimensional structures, particularly in weakly 
confined waveguide structures (such as ridge waveguides) close to cut off wavelength. 
Hence for the calculation of the ZDW a fully vectorial finite element method was 
adopted. To ensure accuracy, convergence trials were conducted, investigating the 
convergence value for guided mode index ( eff n ) as a function of grid density, at 
wavelengths close to cut off. Having established and validate a high level of 
numerical accuracy, full wavelength scans were performed for specific waveguide 
geometries. 
3.3  Simulation Results 
In this section we investigate the possibility of manipulating the zero dispersion 
wavelength (ZDW) to shorter values by simply adjusting the waveguide cross 
sectional profile dimensions with the intent of creating a low power, compact planar 
SC device capable to be driven by a low cost solid state pump source. This section 
shows simulation results investigating properties of the ZDWs in slab, rib, and ridge 
planar waveguide geometries based on a  5 2O Ta  core and silicon dioxide ( 2 SiO ) 
cladding materials. This data is also relevant to the design of tapered couplers and 
nano-wire waveguides for SC generation. 
3.3.1  1-D Slab Waveguides 
To obtain an intuitive insight into the evolution of the behaviour of planar guides, 
(particularly with respect to the ZDW) we start by investigating the linear dispersion 
properties of one-dimensional (1-D) slab waveguides, calculated using a simple 
analytical method in Matlab. We later investigate at how the behaviour changes as we 
switch to a two dimensional geometry.   46 
 
Figure 30 [14] shows a slab waveguide with core thickness of  a 2 . In the case of a 
symmetrical guide, the same materials are used for cladding and substrate. For a non-
symmetrical waveguide cladding and substrate materials are not the same. The 
material dispersion of both  5 2O Ta  and  2 SiO  are included (see Appendix A and 
Appendix B) in the simulation. The effective index of slab waveguides are computed 
through the mode calculations using eigenvalue equations as defined in [14] with 
respect to input wavelength. Figure 31 shows the GVD curves for a symmetrical slab 
waveguide with a core thickness of 4  m µ , where  5 2O Ta  is chosen as the core material 
and  2 SiO  is used as cladding and substrate. The terms TE and TM correspond to the 
Transverse Electric and Transverse Magnetic mode of light propagation (see insets of 
figure 30) [14]. 
 
 
Figure 30: Slab waveguide (Insets show electromagnetic field distribution of TE and TM 
modes) [14] 
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Figure 31: GVD curve of the symmetrical slab waveguide with core thickness of 4 µm 
 
Figure 31 shows clearly that the fundamental TE mode has the largest ZDW at around 
2.1  m µ  whereas higher-order modes may have two ZDWs. The simulations show that 
the position of the ZDW corresponding to each mode is also dependent on the core 
thickness of the slab waveguides (see fig. 32). Figure 25 indicates that the ZDW of a 
1 m µ  thick slab waveguide is around 2100 nm. The estimated ZDW From the ZDW 
curve of TE fundamental mode in figure 32 is around the same as obtained in [12], 
therefore, the simulation results are successfully validated. It is clear from the figure 
that for a femtosecond pulse at 800nm, the pump must be coupled to mode 2 in order 
to operate close to the ZDW. In practice, higher order modes (with relatively low 
effective mode index values), whose mode energies extend some distance into the 
surrounding cladding material, experience large leakage and loss of optical power due 
to scattering from roughness at the core-cladding interface, compared to fundamental 
and lower order modes, which are well confined to the core. 
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Figure 32: ZDW vs. core thickness for symmetrical slab waveguide 
 
Although slab waveguides are not ideal for  SC  generation,  they are useful for 
characterizing the basic material properties, such as material loss, in preparation for 
fabricating more complex structures such as the rib and ridge structures. However, if 
the slabs are combined with photonic crystals (photonic crystal slabs) [66], they can 
then be useful for SC generation since the photonic crystal can significantly modify 
the dispersion  properties  as suggested in [66]  and provide alternative spatial 
confinement mechanisms to conventional guides. 
3.3.2  2-D Rib/Ridge Waveguides 
Two-dimensional (2-D) rib and ridge waveguide structures provide more flexibility 
for  modifying  waveguide  dispersion properties than  slab waveguides.  Figure  33 
shows the cross-sectional view of two ridge waveguides with etch-depths of 25% and 
50%. Rib waveguides can be viewed as a special type of ridge waveguides, where the 
etch depth reaches 100%. 
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Figure 33: Cross-sectional view of the 25% and 50% etched ridge waveguides 
 
Since the eigenvalue method looses accuracy for 2-D waveguides (particularly for 
modes approaching cut-off), the finite element method (FEM) is employed to solve 
the 2-D waveguide dispersion properties with high  accuracy.  The finite element 
method (FEM) is a numerical technique for finding approximate solutions of partial 
differential equations (PDE) as well as of integral equations. The solution approach is 
based either on eliminating the differential equation completely (steady state 
problems), or rendering the PDE into an approximating system of ordinary differential 
equations, which are then numerically integrated using standard techniques such as 
Euler's method. The Finite Element Method is one of the choices for solving PDE 
over complicated domains (like optical field), when the domain changes (as during 
the propagation of the optical field) [67]. Due to the large amount of calculations 
involved in FEM simulations, 2-D waveguide properties were computed using the 
RSoft CAD Suite software package. The simulation process involves:   50 
1)  Initial setup of the waveguide structures and material properties as follows: 
Simple 2-D waveguides are defined in the RSoft CAD using rectangular 
shaped segments. Index profiles of each segment is defined either by using a 
symbol table or material editor in the RSoft CAD. In case of overlap between 
segments,  the segment priority level must be defined that  the higher level 
segment index will overwrite the lower level one in the overlap region. 
Although the sample sidewalls are not exactly vertical due to imperfect 
fabrication processes (as shown in figure 55 in chapter 6), the simulations 
show little effects of changing from vertical to diagonal side-walled segments. 
 
2)  Selecting the computation grid size: 
To ensure the accuracy of the calculations, the grid size needs to be defined 
for FEM. Although the structures are in 2-D, three-dimensional simulations 
are required in the computation, thus, the grid size must be defined in x, y, and 
z directions for the waveguide structure. RSoft CAD provides an advanced 
feature  to allow sub-grid  calculation.  Previous  experience  in solving 
Maxwell’s Equations shows that most rapid change in electromagnetic field is 
expected to occur at the boundaries of the waveguide structure. Therefore, the 
sub-grid option is used to reduce the simulation time by defining sub-grids at 
the waveguide boundaries.  To find the optical grid size, the grid is 
progressively reduced in size, and the convergence of simulation results (in 
particular  eff n ) analyzed. The optimum grid size is the largest grid size value 
where  eff n  values lie within a given acceptable error value to the known 
convergence limit (1/10 of the waveguide size). In order to further reduce the 
simulation time, RSoft CAD provides a ‘symmetrical option’ for some of the 
sub-programs (such as FemSIM). Because the simple rib/ridge structures are 
symmetrical along the x-axis, the simulation can take the advantage of the 
symmetrical option to minimize the simulation time  by mirroring the 
calculated field about this axis (rather than calculating it again), and so 
reduces simulation area. 
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3)  Calculating optical mode profiles and effective indices: 
The mode profile and computation is done using the FemSIM sub-program in 
the RSoft CAD, where up to 40 supported modes are calculated. Although 
only a few of the solved modes are relevant, a large number of higher order 
modes are computed to prevent misbehaviour of the software  (the sorting 
algorithm can fail when there are many closely spaced solutions, again 
particularly close to ‘cur-off’ value). The software simulates the mode profiles 
and  index  variations  with respect to changes in  waveguide dimensions 
(thickness and width),  etch  profiles  (for the ridge waveguides),  and  input 
wavelength. Figure 34 shows mode profiles for fundamental TE modes at a 
wavelength of 1  m µ  in a 2  m µ ×1.8  m µ  ridge waveguides with etch depth of 
(a) 25%, (b) 50%, (c) 75%, and (d) 100% (i.e. rib). 
 
 
Figure 34: Fundamental TE mode profiles at input wavelength of 1 µm in 2.0 x 1.8 µm ridge 
waveguides with the etching profiles: (a) 25%, (b) 50%, (c) 75%, and (d) 100% (i.e. rib) 
 
4)  Computing the GVD curves: 
After step 3), all relevant mode profiles are examined to verify that the correct 
data is collected for each of the settings. The GVD curves are then calculated 
using the RSoft built-in function ‘disperse’, which is able to simultaneously   52 
calculate the first & the second derivatives of refractive index variations 
giving values for group index & GVD (as given by equation 1 in section 2.1: 
2
2
λ
λ
d
n d
c
D − = ). 
 
5)  Extracting the ZDW from GVD curves: 
The final step is to load all the data generated in the step 4) to Matlab to find 
the ZDW for each of the settings. 
 
Figure 35 shows the GVD properties for fundamental TE mode propagation in 2-D 
waveguides with thickness of 2  m µ  and width of 1.8  m µ  for (a) 25% etched ridge, (b) 
50% etched  ridge, (c) 75% etched  ridge, and (d) 100% etched  ridge (i.e. rib) 
waveguides. 
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Figure 35: GVD curves of 2 x 1.8 µm ridge waveguides with the etching profiles: (a) 25%, (b) 
50%, (c) 75%, and (d) 100% (i.e. rib) 
 
Figure 35 shows that the ZDW shifts from around 1.75  m µ  down to around 1.3  m µ  
as the etch depth gets larger. The dimensions of the rib/ridge waveguides have a 
similar effect on the dispersion properties of the waveguide as the thickness of slab 
waveguides.  Figures  34  and  35  show  that ZDW shifts to lower values  as the 
confinement of the light becomes better. It can be estimated from figure 34 that slab 
waveguides  will have issues  with weak confinement as the confinement in 25% 
etched ridge waveguide is weaker than those with higher etch depths. Figures 36-39 
show size-dependence and etch profile-dependence of the ZDW for the fundamental 
TE mode in rib and ridge  5 2O Ta  waveguides. 
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Figure 36: ZWD vs. width with respect to thickness of the 25% etched ridge waveguides 
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Figure 37: ZDW vs. width with respect to thickness of the 50% etched ridge waveguides   55 
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Figure 38: ZDW vs. width with respect to thickness of the 75% etched ridge waveguides 
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Figure 39: ZDW vs. width with respect to thickness of the 100% etched ridge waveguides (rib 
waveguides) 
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Figures 36-39 show that there is an optimum width range for the waveguide for each 
of the etching profiles, within which the minimum ZDW for the waveguide can be 
obtained, and so set the design limits for the planar waveguides. For shallow etch 
depth, ZDWs are greatly affected by the thicknesses of the guide for a fixed width, 
and ZDWs are insensitive to the width of the waveguides. For deep etching profiles, 
the variation in ZDWs with the thickness is not so large for the shallow etch, but 
ZDWs changes rapidly  with changes  to  the width.  Therefore, precise fabrication 
tolerance of the waveguide width is not critical for shallow etching profiles. Figure 40 
shows that for the same thickness, the etch profile has great effect on the ZDW 
positions. 
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Figure 40: ZDW vs. width with respect to the etch profile of 1.2 µm thick ridge waveguides 
 
As shown in figure 40, the rib waveguides give the best modal confinement and the 
lowest ZDW compared to ridge waveguides. Another interesting point is that there is 
a cut-off width for the waveguide in order to have a ZDW with a given thickness, and 
this cut-off width is larger for deep etched guides than for shallow etched guides. It is 
clear that mode  confinement affects the dispersion properties of the waveguide 
significantly. There is also a minimum thickness for a waveguide in order to have a   57 
ZDW regardless of the width.  The cut-off conditions require more work in 
investigating  the dispersion properties  of the waveguide.  However, the minimum 
ZDW obtained in the simulations is around 1.1  m µ  with rib dimensions of 1.2  m µ  
thickness and around 750nm width for the TE mode. This result indicates that it is 
quite difficult for simple high index contrast planar waveguides to obtain a ZDW 
around 800nm. As suggested in the above section, highly dispersive photonic crystal 
structures may be etched into these 2-D waveguides to push the ZDW to around 
800nm. 
 
It is ideal if the finite difference time domain (FDTD) simulation could be performed 
on a planar waveguide to get information on wave propagating variations, where the 
building-up of nonlinear effects could be retrieved. Appendix D [68] provides a brief 
description of FDTD method and the advantages/disadvantages of the method. 
However, it is not practical for simulating a planar waveguide at centimetre-long scale 
using FDTD. The possible solution is to increase the nonlinear coefficient by a factor 
of one or more, which effectively reduced the simulation length. The outcome will not 
be precise but can provide a good indication on expected waveguide outputs. The 
simulation on photonic crystal structure is different from normal waveguide. The 
possible work on photonic crystal structure simulation is discussed as future works in 
section 7.5. 
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Chapter 4  Nonlinear Susceptibility of 
Planar Waveguides 
The nonlinear susceptibilities are  known to be useful in studying the physical 
properties of dielectrics [69]. Tantalum pentoxide ( 5 2O Ta ) planar waveguides have 
recently been shown to possess unusually large third order nonlinear susceptibilities 
(
) 3 ( χ  or  ‘Chi 3’) and nonlinear Kerr coefficient ( 2 n )  [65], leading to potential 
applications in nonlinear integrated optics [70-74], e.g. on-chip tunable lasers. This 
chapter shows the experimental observation of the third-harmonic generation (THG), 
and derived 
) 3 ( χ  based on experimental results in  5 2O Ta  based planar waveguides 
over a wavelength range of 1470 – 1610 nm. 
4.1  Third-Harmonic Generation and Measurement of Chi 3 
A number of techniques for measuring 
) 3 ( χ  of materials have been developed. These 
include: 
 
1)  Self-phase modulation (SPM) [65], which is based on femtosecond time-of-
flight measurements and measurement of intensity induced spectral change, to 
determine the value of the nonlinear coefficient in the material. 
 
2)  Four-wave mixing (FWM) [17, 75-77]. This is one of the most commonly 
used methods for measurement of 
) 3 ( χ , and is done by measuring either: the   59 
intensity induced refractive index change, two-photon absorption coefficient, 
or the time resolved beam intensities of degenerate FWM (DFWM). 
 
3)  Third harmonic generation (THG)  [78-80]. Previous experiments have 
measured the intensity/polarization fields  of the THG of various  samples 
(mainly single crystal structures) to obtain 
) 3 ( χ  values, but require use of a 
fused silica samples with the same design as the test sample. 
 
4)  Z-scan technique  [81]. This technique is good for getting both real and 
imagery part of 
) 3 ( χ  of the material by using frequencies close to the surface 
plasmon resonance (SPR) to examine the film structures. In this method, a 
sample is translated longitudinally through the beam-waist region of a focused 
Gaussian laser beam, and the variation of the on-axis intensity in the far field 
is measured as a function of sample position. The variation of measured power 
is proportional to the nonlinear phase shift. With sample thickness and laser 
intensity at the sample together,  2 n  of the sample could be determined from 
the phase shift. 
 
Among these various methods, THG measurement is one of the simplest possible 
methods for obtaining 
) 3 ( χ  as it is a purely electronic and coherent process, with no 
ambiguity in the mechanism in high contrast to other processes such as degenerate 
four-wave mixing and optical Kerr effect  [80], where other competing nonlinear 
effects are more complex in terms of experiment setup or analysis. 
 
THG effect has been demonstrated in many bulk crystalline materials, such as BIBO 
(Bismuth triborate,  6 3O BiB ) [82], thin sapphire crystals [83], fused silica [84], carbon 
nanotubes [85], and other types of single crystals [86], but not  5 2O Ta . In this section, 
an  experimental setup  and measurement method which  is independent of other 
competing nonlinear effects (such as SPM, Raman effects, and FWM (including 
DFWM)) is presented. The results obtained also allow the calculation of 
) 3 ( χ  without 
a reference material (e.g. fused silica).   60 
4.1.1  Planar Waveguide Samples 
Identical sets of  5 2O Ta  waveguides were grown on a silicon substrate by RF (radio 
frequency) sputtering, optical lithography, and plasma etching  [87].  5 2O Ta  is 
deposited on  2 SiO  buffer layer on top of a silicon substrate. The  5 2O Ta  layer is then 
etched into rib structures before another layer of  2 SiO  is deposited on top of the ribs. 
Inset  to  figure  41  shows the cross-sectional  SEM (scanning electron microscope) 
image view of one waveguide. Robustness tests have previously shown that there is 
no change in waveguide loss or UV induced damage with 1 W of CW 455 nm light 
focused into the guide, or waveguide facet damage for 800 nm 150 fs pulses with 
energies up to 2  J µ  from a 250  kHz Ti:Sapphire regenerative amplifier  [1, 12]. 
Before commencing this new analysis of nonlinear effects in the guides, further tests 
for laser induced damage were performed on a test guide with the same geometry 
parameters (on a different waveguide set from the same wafer). This showed that 
there was no damage for 150 fs pulses with energies up to 12 nJ  (3 mW average 
power) over the entire 900 – 1650 nm tuning range of Coherent optical parametric 
amplifier (OPA). 
4.1.2  Experiment Setup 
 
Figure 41: Experimental setup for the third-order nonlinear susceptibility (inset: SEM image 
of cross-sectional view) 
 
Figure  41  shows the experiment setup for 
) 3 ( χ  measurement with cross-sectional 
view SEM image and refractive index profile of the waveguide. The fundamental   61 
pump beam is provided by an OPA (Coherent OPA9400) pumped by a mode-locked 
ultrafast Ti-Sapphire amplifier (Coherent Vitesse DUO + REGA). The OPA provides 
tunable infra-red (IR) pulses (150 fs duration) over range 900 to 1600 nm (limited by 
the detection equipment). A telescope is used to reduce the pump spot size for 
improved coupling to the guides. A linear polarizer is used as a power attenuator 
allowing input power to be adjusted without introducing significant distortions into 
the beam or affecting the coupling conditions. A short focal length lens (providing 
near transform limited spot) is used for input coupling to the guides and output is 
collected and collimated by a 10X microscope objective. The IR outputs are then fibre 
coupled to an IR spectrometer (Ocean Optics NIR512). A Schott KG5 glass filter and 
a 650 nm short-pass filter are used to remove the residual pump before fibre coupling 
to a visible spectrometer (Ocean Optics HR2000). Additional lenses and removable 
beam splitters image the waveguide output facet onto visible and IR CCD cameras 
placed after the microscope objective. Images from these cameras are used for 
optimizing pump input coupling and identifying the mode number of coupled pump 
and generated THG modes. 
4.1.3  Third-Harmonic Generation (THG) Results 
Silicon dioxide ( 2 SiO ) clad  5 2O Ta  planar rib waveguides with a core thickness of 
750 nm, and widths 2.5  m µ  (g5) and 18  m µ  (g36) were analyzed. The pump was 
tuned over the wavelength range 1470 nm – 1610 nm, and spectral measurements 
made at average pump powers over the range 0.5 mW – 2.0 mW (measured by a 
power meter placed between polarizer and coupling optics). Frequency tripling was 
observed over the wavelength range 489 nm – 538 nm. Figure 42 shows an example 
of the IR pulse spectrum and its corresponding THG output. 
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Figure 42: Output spectrum of IR and the corresponding generated THG at 2 mW pump 
power  (insets are mode images from experiment and simulated mode profiles  of IR and 
visible output modes, respectively) 
4.2  Calculation of Third-Order Susceptibility  
The relationship between 
) 3 ( χ  and  2 n  in solid semiconductors described in the work 
of Mohanta and Choudhury [17] is used to compare the values of the experimental 
results and the first reported measurement of the nonlinear coefficient ( 2 n ) on the 
5 2O Ta  planar waveguides made by Tai et al. [65] based on measurement of self-
phase modulation at a fixed wavelength of 800 nm. In order to measure 
) 3 ( χ  of the 
material, the following mathematical relations linking the intensities and 
) 3 ( χ  can be 
used: 
 
Under the simplified phase matching condition, the electric fields of second harmonic 
generation (SHG) and a pump propagation along the z-direction is given by [88]:   63 
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Applying the same phase-matching condition for THG, the electric fields must satisfy 
the relations: 
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where in this case, 
) 3 ( χ = eff d  for the third harmonic generation [19]. The intensity 
per unit area is given by: 
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This is the simplified phase-matching condition for equation 14 given in section 2.2.7: 
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The relationship between 
) 3 ( χ  and  2 n  is described in section 2.2.2. Values required 
for calculating 
) 3 ( χ  from equation 21  are: intensities of the coupled fundamental 
pump mode at the beginning the waveguides, intensity of the generated THG 
(measured at the output of the waveguide), cross-sectional area of the coupled pump   64 
mode, wave numbers (k-vectors) for coupled fundamental pump mode and generated 
THG modes. 
 
The effective mode indices, mode spot size (1/e widths), and wave vectors (k) at the 
test wavelengths are determined from finite element analysis utilizing RSoft CAD 
Suite software, taking into account material dispersion  [62, 63]. The numerical 
accuracy of the simulation solutions was set to the 10
th digit, providing more than 
sufficient accuracy for this analysis. Figures 43 and 44 show the refractive indices and 
the corresponding wave number difference ( k ∆ ) of two waveguides, g5 and g36, 
respectively. Insets to figure 44 shows that the modes used in simulations are verified 
by the mode images obtained from experiments. 
 
 
Figure  43:  Refractive indices of the waveguides at corresponding wavelengths  from 
Simulation 
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Figure  44: Wave number differences of the waveguides (Insets: mode images and mode 
profiles from experiment and simulation, respectively) 
 
To determine the true output intensity of the THG beam  from the fibre  coupled 
spectrometer measurements, the spectrometer is calibrated to take into account 
efficiency of collection of light by the fibre in the back focal plane of the output 
objective. This is done by directing a CW He-Ne laser onto a 10  m µ  pin hole. Then 
light emerging from the rear of the pin hole was collected using exactly the same 
objective arrangement as for the THG experiments. The integrated area of the 
spectrum (measured on the spectrometer) is then normalized with a reading from a 
power meter (placed in the same position behind the objective, see P2 in Fig. 41). In 
this arrangement, the pin hole effectively mimics the diffractive properties of the 
waveguide, however, there are no further ambiguities/inaccuracies introduced by the 
presence of nonlinear effects or loss in the guide. As the spectrometer is pre-calibrated 
for all wavelengths, a single wavelength calibration measurement is sufficient for all 
further measurements. As shown in figure 44, the wave number difference ( k ∆ ) does 
not change when the pump is coupled into different waveguides. This is a clear 
indication of self-selective process inside the waveguides, which always finds the 
same phase matching condition, i.e. the same  k ∆ ,  when the width of waveguide 
changes. 
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Figure 45: Spectral fitting for IR output shown in figure 42 
 
Figure 45 shows features of the original and broadened pump beam of the IR side in 
figure 42 in more detail. The superimposed curves show component Gaussian waves, 
matched by curve fitting techniques. In this figure, we see that the pump has been 
significantly broadened. This is due to a combination of self-phase modulation and 
four-wave mixing. In order to calculate the 
) 3 ( χ  value precisely, independent from 
these effects, the fundamental pump (at the waveguide input facet) has to be separated 
from the broadened spectral data (measured behind the objective at the output facet). 
This is done by normalizing the intensities of both the input spectrum taken by the IR 
spectrometer before the input coupling  1 S  (Spectrum 1 in Fig. 41) and the output 
spectra  2 S  (Spectrum 2 in Fig. 41) to the same level. The integrated areas of the 
respective spectra at each input power  are then calculated, i.e.  1 A  and  2 A  are the 
integrated areas of  1 S  and  2 S  shown in Fig. 42, respectively. 
λ λ d S A ∫ = ) ( 1 1  (after normalization)             (23) 
λ λ d S A ∫ = ) ( 2 2  (after normalization)              (24) 
The ratio of  1 A  and  2 A  (
2
1
A
A
R = ) indicates how much power is responsible for the 
THG ( THG P ) from the real readings ( 2 P  in Fig. 41) of the power meter placed behind 
the objective (output coupling losses can be assumed to be negligible):   67 
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Figure 45 also shows that there are several other nonlinear effects occurring inside the 
waveguide simultaneously at a pulse energy of 8 nJ  (equivalent to 2 mW average 
power) for 150 fs pulses at 1610 nm. The fitted Gaussian curves 2 & 3 indicate the 
existence of SPM and fitted Gaussian curves 1 & 4 indicate FWM (since they show 
similar peak intensities, bandwidths, and central symmetrically placed either side of 
the pump wavelength). As the beam above 1650 nm is truncated by the cut off in 
sensitivity of the spectrometer, the overall spectrum could in fact be broadened well 
over 100 nm (compared to the pump pulse), which indicates that it is possible use 
these waveguides to produce supercontinuum (SC). Further design and optimization 
will be required for producing low power, low cost SC sources using the  5 2O Ta  based 
waveguides. The objective of this exercise is to determine the design limits for this. 
 
In order to remove ambiguities associated with waveguide input coupling efficiency, 
the actual coupled pump power at the start of the waveguide was determined using 
known waveguide loss values to scale the obtained output power values from the 
output ( THG P ). The relative waveguide loss was measured to be -8.5 dB in average 
(with 10% error) using the cutback method on identical waveguide samples from the 
same wafer. 
4.2.1  Chi 3 Calculations 
Although by inserting the appropriate measured experimental and theoretically 
derived parameters into equation 21, the 
) 3 ( χ  values of  5 2O Ta  planar waveguides 
could be obtained, the following considerations need to be taken into account before 
calculating 
) 3 ( χ  values: 
 
1)  The analysis must be performed under simplified, near perfect phase matching 
condition (otherwise the value of THG intensity will be an underestimate). In 
reality, the phase matching assumption is unlikely, in which case the derived 
) 3 ( χ  value will be underestimated. In this case, the phase matching can be 
assumed  to be optimal by tuning the pump laser wavelength to obtain   68 
maximum intensity of the THG beam (maximum THG beam amplitude will 
only be achieved under optimal phase-matching condition). 
 
2)  Figure 45 shows that the pump beam is broadened considerably during its 
transit along the guide, generating side peaks due to four-wave mixing. 
Therefore, it is necessary to make sure that only the fundamental mode of the 
incident pump beam contributes to the generation of THG (i.e. the side peaks 
induced in the broadened pump beam by four-wave mixing do not cause THG 
themselves). This can be ensured by performing the analysis only up to a 
maximum power level where the THG beam is a clean single peak. 
 
3)  Output coupling is assumed to be perfect because the microscope objective is 
quite close to the output facet, i.e. all the output light is well coupled into the 
objective. As all optical components are AR (anti-reflection) coated 
specifically for IR wavelengths, there will be a small error in the calculations 
of the visible powers due to coupling loss in the output collection.  The 
waveguide losses have 10% error as indicated from previous measurements. 
These two factors could introduce up to 
13 10 71 . 0
− × ± ≈  esu  to 
) 3 ( χ  
calculations, which lead to 
19 10 02 . 1
− × ± ≈   W m /
2  variation of the nonlinear 
Kerr coefficient ( 2 n ). 
 
4)  Assume (as measured previously) the loss of narrow guide (g5) is -8.5 dB and 
wide guide (g36) is -7.5 dB. 
For improved accuracy, the full analysis was performed at a range of discrete pump 
power levels (0.5 – 2 mW average power with steps of 0.5 mW). This reveals the 
evolution of spectral broadening of the pump beam, and introduction of contributing 
nonlinear effects. Table 1 shows the calculated average nonlinear coefficients for each 
pump wavelength used in the corresponding waveguide. 
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Table 1: Calculated average nonlinear coefficients for each pump wavelength 
  Input 
λ  (nm) 
Output 
λ  (nm) 
) 3 ( χ
13 10
− ×  (esu) 
1.5 (mW)  2.0 (mW) 
g5  1470  489  21 . 0 98 . 0 ±   21 . 0 42 . 1 ±  
1500  500  23 . 0 80 . 0 ±   23 . 0 02 . 1 ±  
1550  516  57 . 0 13 . 2 ±   57 . 0 87 . 1 ±  
1610  538  58 . 1 75 . 4 ±   58 . 1 74 . 5 ±  
g36  1495  497  21 . 0 77 . 0 ±   21 . 0 96 . 0 ±  
1555  522  90 . 0 09 . 3 ±   90 . 0 75 . 4 ±  
1610  536  26 . 1 16 . 3 ±   26 . 1 00 . 6 ±  
 
The average value for 
) 3 ( χ  over  the  wavelength  range 1470 to 1610  nm is: 
13 ) 3 ( 10 ) 71 . 0 67 . 2 (
− × ± ≈ χ  esu. Hence, the average value of the nonlinear Kerr 
coefficient is: 
19
2 10 ) 02 . 1 77 . 3 (
− × ± ≈ n  ( W m /
2 )=
15 10 ) 02 . 1 77 . 3 (
− × ±   W cm /
2 . This 
value is in agreement with previously measured value from SPM analysis [65]. It also 
shows that the value of nonlinear susceptibility of  5 2O Ta  is, as expected, in between 
the BK7 silica glasses (
14 ) 3 ( 10 0 . 2
− × ≈ χ  esu) and titanium dioxides ( 2 TiO ) 
(
12 ) 3 ( 10 5 . 1
− × ≈ χ  esu) [4]. 
4.3  Chi 3 Dispersion of Tantalum Pentoxide 
) 3 ( χ  dispersion has been studied in material systems such as poly(dihexylsilane) 
(PDHS) films  [89], molecules  [90], and  2 TeO  glass films  [91]  by analyzing the 
Kramers-Kronig dispersion relations, absorption spectrum, and THG respectively. In 
this experiment, the measurement of 
) 3 ( χ  covers a range of frequencies from 1470 – 
1610  nm  enabling us to obtain the 
) 3 ( χ  dispersion  values for the  5 2O Ta  material 
system. 
 
The advantage of this measurement method is the use of THG output, which is only 
dependent on 
) 3 ( χ  of the material. By analyzing the spectra and  normalizing the   70 
fundamental pump contribution at the output, 
) 3 ( χ  can be calculated precisely without 
any trouble in identifying complex effects occurring in the IR regime, such as FWM 
and SPM. The multi-wavelength analysis also reveals a trend for the 
) 3 ( χ  value of 
5 2O Ta  to increase as the wavelength becomes longer as shown in Figure 46. 
 
 
Figure 46: Calculated third-order nonlinear susceptibility of tantalum pentoxide waveguide 
samples. Sample A: solid triangle (black) for 1.5 mW and open triangle (red) for 2 mW pump 
power; Sample B: solid square (green) for 1.5 mW and open square (blue) for 2 mW pump 
power. Purple dotted line indicates the trend of third-order nonlinear susceptibility changes 
with wavelength 
 
This  multi-wavelength analysis also  allows analysis of 
) 3 ( χ  dispersion properties, 
revealing a trend for the 
) 3 ( χ  value of  5 2O Ta  to increase as the wavelength becomes 
longer (shown in figure 46). The increase of the 
) 3 ( χ  value can only be caused by 
one-, two-, or three-photon resonance  [4].  According to the studies of electronic 
structure of  5 2O Ta  by Arranz et al. [92], the constant initial-state curves (See Fig. 47)   71 
show multiple resonance maxima that are explained in terms of the Ta 5p →5d, 
5p→6sp, and 4f→5d photoabsorption mechanisms, the spin-orbit splitting of the Ta 
5p  and Ta 4f  core  levels, and splitting of the Ta 5d  final states by crystal-field 
interactions. Therefore, the projected wavelength for obtain a resonance peak of 
) 3 ( χ  
is around 1800 nm (See Fig. 48), which corresponds to a band energy of 2.07 eV. This 
energy level is only possible for three-photon resonance of the 4 2 / 7 f →5 ) ( 2g t d , 
4 2 / 5 f →5 ) ( 2g t d , 5 2 / 3 p →5 ) ( 2g t d , or 5 2 / 1 p →5 ) ( 2g t d  transitions. 
 
 
Figure 47: Constant-initial-state curves obtained from measured spectra corresponding to P1, 
P2, P3, P4, and P5 features of the valence band, for (a) stoichiometric and (b) reduced 
tantalum pentoxide [92] 
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Figure  48: Estimated (dashed line) three-photon resonance peak of third-order nonlinear 
susceptibility of Ta2O5 based on experimental results (solid line) 
4.4  Summary 
The  frequency tripling effect, i.e. THG, in  5 2O Ta  planar waveguides has been 
demonstrated experimentally in this chapter.  Experiments show that  THG can be 
generated over a relatively broad bandwidth (~140nm) in the waveguide samples, 
which is within the frequency range for  observing THG from other nonlinear 
materials such as  2 TeO . The theory for calculating the third order susceptibility of the 
material based on the third harmonic generation (THG) measurements has been 
developed. The nonlinear coefficient of  5 2O Ta  planar waveguides is derived from 
multi-wavelength analysis of THG outputs. Values over the wavelength range 1470 to 
1610 nm are determined to be between 
13 10 ) 21 . 0 98 . 0 (
− × ±  to 
13 10 ) 26 . 1 00 . 6 (
− × ± esu 
with an average value of 
13 10 ) 71 . 0 67 . 2 (
− × ±  esu. 
   73 
Although currently applied to measurement of 
) 3 ( χ , the same experimental setup is 
equally applicable to measurement of the second order susceptibility (
) 2 ( χ ) in any 
other optical guides based on other type of materials by measuring output spectra and 
analyzing the spectral changes within output spectra which could be the results from 
one or more nonlinear effects, such as sum-difference frequency generation, SPM, 
XPM, FWM, and etc. 
 
This technique is suitable for studying and further understanding nonlinear effects in 
5 2O Ta  and  planar waveguides  based on other materials. The values of nonlinear 
coefficients and good optical properties of the waveguides also provides opportunities 
for developing and optimizing the designs for other potential applications  using 
5 2O Ta  waveguides, for example, low input power supercontinuum (SC) source with 
wide spectral range and low spectral noise. 
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Chapter 5  Experimental Results of 
Supercontinuum Generation 
Chapter 4 focused on examination of THG generation and calculation of the third-
order susceptibility of the waveguides from the THG beam data. This chapter extends 
the experimental analysis to examine the behaviour, relative contributions, and 
interplay between nonlinear processes which contribute to SC generation in the guides, 
as a function of pump power and wavelength with respect to calculated dispersive 
properties of the guides. 
 
As described earlier in chapter 2, the SC generation is a result from several combined 
linear and nonlinear effects. The most notable effects are: dispersion, SPM, XPM, and 
FWM. Dispersion of waveguide is determined by the material and waveguide 
dimensions. SPM and XPM are results from nonlinear Kerr effect, due to high 
intensity laser induced nonlinear refractive index change. SPM induced spectral 
changes are described by equation 8: 
0
0
0 2 max
1
τ
ω
δω L
c
I n ≈ , in section 2.2.2. The 
spectral changes in XPM are given by equations 10 and 11 in section 2.2.5. XPM also 
allows energy transfer between two different frequency components as mentioned. 
The FWM is the critical effect that responsible of creating new frequency components 
within the femtoseconds pulses. The general intensity relationship between input and 
output pulses, neglecting the pump depletion, is given by equation 14: 
2
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⋅ ∆
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l k
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l I I I const I χ , in section 2.2.6.   75 
5.1  Supercontinuum (SC) Output Spectra 
The SC output spectra for the same guides as examined in chapter 4, i.e. g5 (2.5  m µ  
wide, 0.75  m µ  high) and g36 (18  m µ  wide, 0.75  m µ  high) were characterized for 
pump wavelengths over the range 1000 – 1610 nm and the effect of pump power and 
wavelength on spectral broadening is investigated for average powers up to 3 mW 
(experiments performed in 0.5  mW steps) to allow identification of the primary 
nonlinear effects contributing to the SC. Full experimental spectra are presented in 
Appendix E. Key results are described below. 
 
A maximum pulse broadening of nearly 200 nm was obtained for a 2.5  m µ  wide 
guide (g5) under 2 mW pump power (8 nJ  per pulse, or peak pulse power of 32 kW) 
at a wavelength of 1195 nm. The analysis of SC spectra for the two guides at specific 
pump wavelengths of ~1200  nm and ~1600  nm via Gaussian curve fitting is 
presented. 
5.1.1  Output Spectra at ~1200 nm 
Figures 49(a)-51(a) show the output spectra for two waveguides under different pump 
conditions for a pump wavelength of 1200 nm, which demonstrate the evolution of 
the output spectra with respect to pump power. Figures 49(b)-51(b) and 49(c)-51(c) 
show Gaussian curve fittings to the output spectra from each waveguide for several 
different pump powers (1.5 mW for g5, 1 mW for g36, and highest used power for 
both). For the wider guide (g36), the affect of pump position on SC evolution was 
also investigated as pump position relates to the excited pump mode number. Hence 
there are two sets of data for this guide. This curve fitting approach allows the spectra 
to be systematically de-convolved to derive the constituent frequency components. 
 
The results show that the pulses start to become broadened at a low average power 
level of 0.5 mW for the narrow waveguide (g5), and broaden to bandwidths up to 
nearly 200 nm for 2 mW average pump power without changing the mode coupling or 
damaging the waveguide facet. For a wider waveguide (g36), pulses require average 
power to be above about 2 mW to start the broadening process, and the damage   76 
threshold for waveguide facets are determined to be at 
8 10 5×  
2 / m GW  providing the 
focus is exactly on waveguide facet (equivalent to ~60 mW for guide g5 and ~400 
mW for guide g36 in this case). The corresponding output spectra requires up to 7 
Gaussian pulses to fit, with side peaks generated on the longer wavelength or both 
sides of the fundamental pump output  wavelength. Table 2 shows the fitting 
parameters for each Gaussian peak contributing to the output spectra for each of the 
two waveguides at the highest pump power. 
 
A non-symmetrical spectrum is observed even at 0.5 mW pump power (fig. 49) with 
broadening of the fundamental on the long wavelength side. This is the characteristic 
signature of SPM (see Equ. 8 of section 2.2.2). As power increases more, (1.5 mW) 
XPM occurs between the FWM side peak pairs G3 & G4 (fig. 49c) and G2 & G5 (fig. 
49c). Increasing power further (2 mW) causes the SPM to broaden the side peaks 
further (width of the Gaussian curve fits increases). In addition, FWM occurs 
spontaneously creating symmetrical peaks about the fundamental, but with centre 
wavelength spaced further (in wavelength) from the fundamental. 
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Figure 49: Output Spectra of g5 at 1195 nm: (a) at different average power levels (b) spectral 
fitting for 1.5 mW output (Inset: mode profile image) (c) spectral fitting for 2 mW output 
(Inset: mode profile image)   78 
 
 
 
Figure 50: Output Spectra of g36 coupling position 1 at 1200 nm: (a) at different average 
power levels (b) spectral fitting for 1 mW output (Inset: mode profile image) (c) spectral 
fitting for 3 mW output (Inset: mode profile image)   79 
 
 
 
Figure 51: Output Spectra of g36 coupling position 2 at 1200 nm: (a) at different average 
power levels (b) spectral fitting for 1 mW output (Inset: mode profile image) (c) spectral 
fitting for 3 mW output (Inset: mode profile image)   80 
Table 2: Fitting parameters of output spectra at pump wavelength of ~1200nm 
pump λ  
(nm) 
pump P  
(mW) 
Guide 
Fitting 
curve 
Amplitude 
Relative 
power 
(integrated 
area) 
Peak 
position 
(nm) 
Width 
(nm) 
Position 
difference 
(with offset) 
(nm) 
1195  2  g5 
Residual 
pump 
2878.72  57708.7  1192.58  11.2147  0 
G1  183.468  4095.61  1131.82  11.2147  -60.76 
G2  589.118  12181.8  1152.62  11.2148  -39.96 
G3  398.869  7547.93  1170.34  10.0847  -22.24 
G4  862.3  17612.1  1213.63  11.2148  21.05 
G5  601.93  12428.7  1228.95  11.2146  36.37 
G6  139.795  3227.54  1252.13  11.2149  59.55 
1200  3 
g36 
(pos. 1) 
Residual 
pump 
7473.54  256399  1196.2  19.292  0 
G1  1708.34  34725.9  1224.72  11.3115  28.52 
g36 
(pos. 2) 
Residual 
pump 
5970.99  127552  1191.11  12.0019  0 
G1  671.577  14790  1151.66  12.0019  -39.45 
G2  3550.67  76058.1  1170.56  12.0036  -20.55 
G3  2821.17  60536  1208.29  12.0033  17.18 
G4  2192.24  47152.1  1225.39  12.0025  34.28 
G5  510.403  11352.9  1252.78  12.005  61.67 
G6  309.616  7040.89  1271.01  12.0042  79.9 
 
From the above table: for a narrow guide (g5), curve pairs G2 & G5 and G1 & G6 (fig. 
49c) both show similar amplitudes/powers, bandwidths,  and  are  reasonably 
symmetrically placed on both  sides of the pump wavelength (centre  wavelength 
mismatch is considered to be results of SPM effect). This clearly shows that FWM is 
the dominating effect for SC output spectra for this guide. G4 (Fig. 49c) is formed by 
depletion of the pump due to SPM. FWM then leads to the formation of G3. XPM 
causes energy transfer between the  G3 & G4 pair resulting  in  different 
amplitudes/powers and bandwidth, but are  still located symmetrical to the pump. 
However, for the wider waveguide (g36), where FWM effect does not show as there 
is no curve fitting pairs with the same characteristics as in g5. SPM contributes the 
most to SC generation as G1 in fig. 50c and G3–G6 in fig. 51c all appear in the longer 
wavelength (lower photon energy) side of the pump wavelength. G2 & G3 and G1 &   81 
G4 pairs in fig. 51c shows the signature of XPM  effect (differences in 
amplitudes/powers as shown in equations 12 & 13 in section 2.2.5), but the same 
effect is not shown in fig. 50c, meaning that XPM requires phase-matching condition 
to be satisfied. 
5.1.2  Output Spectra at ~1600 nm 
Figures 52(a)-54(a) show the output spectra for two waveguides under different pump 
powers close to 1600 nm pump wavelength, and figures 52(b)-54(b) and 52(c)-54(c) 
show  the  Gaussian curve fittings  to these output spectra from each waveguide at 
pump powers of 1.5 mW for g5, 1 mW for g36, and highest used power for both. As 
was the case in the previous section, g36 was coupled at two different positions under 
the same pump conditions. The output spectra for pump wavelength close to 1600 nm 
give similar bandwidth as was the case for pump wavelength close to 1200 nm for the 
narrow waveguide. The highest average obtainable power reached by our OPA pump 
source at a wavelength of 1600 nm was 2 mW instead of 3 mW, therefore, the output 
pulses are not broadened significantly for the wider waveguides. The other difference 
between the 1200 nm outputs and 1600 nm outputs is that the side peaks are generated 
at shorter wavelength side instead of longer wavelength side for 1200 nm or both 
sides of the fundamental pump output. The reasons for the difference are described 
later in this section. Table 3 compares  the  fitting parameters for  each  constituent 
Gaussian peak for output spectra from the two waveguides at the highest pump power.   82 
 
 
 
Figure 52: Output Spectra of g5 at 1610 nm: (a) at different average power levels (b) spectral 
fitting for 1.5 mW output (Inset: mode profile image) (c) spectral fitting for 2 mW output 
(Inset: mode profile image)   83 
 
 
 
Figure 53: Output Spectra of g36 coupling position 1 at 1610 nm: (a) at different average 
power levels (b) spectral fitting for 1 mW output (Inset: mode profile image) (c) spectral 
fitting for 2 mW output (Inset: mode profile image)   84 
 
 
 
Figure 54: Output Spectra of g36 coupling position 2 at 1610 nm: (a) at different average 
power levels (b) spectral fitting for 1 mW output (Inset: mode profile image) (c) spectral 
fitting for 2 mW output (Inset: mode profile image)   85 
Table 3: Fitting parameters of output spectra at pump wavelength of ~1600nm 
pump λ
 
(nm) 
pump P
 
(mW) 
Guide 
Fitting 
curve 
Amplitude 
Relative 
power 
(integrate 
area) 
Peak 
position 
(nm) 
Width 
(nm) 
Position 
difference 
(with 
offset) 
(nm) 
1610  2 
g5 
Residual 
pump 
1684.98  67078.8  1601.83  21.8883  0 
G1  174.361  6160.08  1552.56  16.4705  -49.27 
G2  169.835  2200.8  1567.45  5.81081  -34.38 
G3  161.297  7601.84  1645.43  21.8883  43.6 
g36 
(pos. 
1) 
Residual 
pump 
3013.85  68233.9  1609.85  12.5869  0 
G1  176.307  4846.83  1582.14  12.5869  -27.71 
G2  908.27  11105.9  1596.55  6.58737  -13.3 
g36 
(pos. 
2) 
Residual 
pump 
3783.25  91359  1607.62  13.4635  0 
G1  171.544  4220.59  1580.31  11.1714  -27.31 
 
As shown in table 3, G1 & G3 in fig. 52c forms a FWM  pair with similar 
amplitudes/powers, bandwidths, and equal wavelength difference relative to the 
pump/central wavelength in narrow guide (g5), where there is no such pair for the 
wider  guide  (g36).    Fig  52b  indicates that for 1.5  mW pump power, there is 
broadening induced by SPM, and G2 in fig. 52c could be the combination resultant of 
SPM and XPM. SPM and XPM are not clearly shown in the analysis of g36 either, 
which might be caused by detection limits of the spectrometer or other factors that is 
currently unknown. Generation of the shorter wavelength components (G1 & G2 in 
fig. 53c, and G1 in fig. 54c)  may  be  caused by  the dispersion properties  of the 
waveguide (especially for higher-order modes in wider waveguide). 
5.2  Relations between Output Spectra and Material Properties  
The third-order susceptibility (
) 3 ( χ ) of the  5 2O Ta  waveguides has been calculated in 
section 4.2.1. There is clear evidence of SPM, XPM, and FWM effects shown by 
curve fitting for the output spectra  (see fig.  49).  Once the material properties   86 
(especially the nonlinear properties) are determined for the waveguides, the design 
and optimization of the devices could then be realized. The plan of actions for the 
next stage of the project is outlined in chapter 7. 
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Chapter 6  Pump-Probe Experiment on 
Planar Tantalum 
PentoxideWaveguides 
The very large 
) 3 ( χ  value for  5 2O Ta  measured in chapter 4 suggests that the planar 
5 2O Ta  waveguides have great potential as a base material to make several useful 
nonlinear optical devices. One of the most interesting possibilities is the controlled 
use of optical parametric effects to generate wavelengths which are difficult to obtain 
using a purely conventional semiconductor laser design. Therefore,  this chapter 
examines  stimulated four-wave  parametric  amplification  in the  5 2O Ta  waveguides 
under presence of two input laser beams (one pump and one seed) utilizing a time 
resolved pump-probe experiment setup. 
 
The experimental results presented in this chapter demonstrate broadly tunable 
) 3 ( χ  
nonlinear optical parametric processes over the wavelength range of 557 nm – 600 nm 
and 1200 nm – 1600 nm, within 7 mm long planar tantalum pentoxide ( 5 2O Ta ) rib 
waveguides. The waveguides show parametric conversions from either higher (visible 
wavelengths) to lower (near infra-red wavelengths) photon energies or from lower 
(near infra-red wavelengths) photon energies to higher (visible wavelengths) when 
pumped at a wavelength of 800 nm (1.55 eV photon energy) and seeded by a visible 
or IR laser beam. 
 
The dispersion properties of the waveguides are measured using a broadband, time 
resolved spectroscopic measurement system (based on a nonlinear Kerr gate)  and   88 
simulated using RSoft CAD package, to see if there is any possibility for making 
nonlinear photonic chip based on the  5 2O Ta  waveguides.  The  analysis of 
experimental  results  of the stimulated four-wave parametric amplification  effect, 
dispersion measurements of the waveguides and simulation data show that there is 
real  potential  to  make  on-chip  nonlinear photonic devices  from  5 2O Ta  planar rib 
waveguides pumped by a compact low cost source. 
6.1  Pump-Probe Experiment Setup 
6.1.1  Device Fabrication and Testing 
5 2O Ta  waveguide samples made using the same fabrication process as described in 
section 4.1.1 are used in this experiment. Figure 55 shows a cross-sectional SEM 
(scanning electron microscope) image of the tested waveguide samples with widths of 
6.6  m µ , 9.41  m µ , 9.85  m µ , and 11.65  m µ , designated from here on as guides g14, 
g20, g21, and g25, respectively. Before commencing this  new  investigation  of 
nonlinear effects in the guides, further tests for laser induced damage were performed 
on a test guide of a selected waveguide set (made on the same wafer for sacrificial 
tests) and showed that there was no induced waveguide damage with 150 fs pulses at 
100 kHz repetition rate from a Coherent Ti:Sapphire regenerative amplifier 
(RegA9000) and OPA9400 delivering 20 nJ /pulse energies (or 2 mW in average 
power) over the idler output tuning range of 1200 – 1650 nm and energies up to 50 
nJ /pulse (or 5 mW in average power) over the parametric output range of 560 – 600 
nm of OPA9400 [1]. 
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Figure  55:  Cross-sectional SEM images of 7 mm long waveguide sample facets after 
experiments. All waveguides have thickness of 500 nm and widths as follows: 6.6 µm (top 
left) g14, 9.41 µm (top right) g20, 9.85 µm (bottom left) g21, and 11.65 µm (bottom right) 
g25 respectively 
 
6.1.2  Pump-Probe Setup 
 
Figure  56:  Experimental setup for the on-chip four-wave parametric amplification 
demonstration. Pump and seed beams are brought together as a co-linear beam pair using a   90 
reflective bandpass filter (M8) before being coupled into the waveguide samples. The output 
consists of residual pump, residual seed, and parametric output, which passes through a Kerr 
Gate when required, are collected by monochromator and IR/Visible cameras 
 
6.1.2.1  Pump and Seed Optical Path 
Figure  56  shows the experimental setup used for the pump-probe experiment for 
demonstrating the on-chip  four-wave parametric amplification. The mode-locked 
ultrafast Ti:Sapphire regenerative amplifier which gives 150 fs pulses at 100 kHz at 
800 nm provides the pump beam  utilizing  just  5% of its average power. The 
remaining 95% power  is used to pump the Coherent  OPA9400  which provides 
tunable  IR  over range 900 to 1600 nm (limited by the detection limit of the 
spectrometer  and  InGaAs  detector array) or visible pulses over the  range 500 to 
700nm for the purpose of seeding (i.e. the probe beam). The pump beam is firstly 
collimated by lenses L1 & L2, and then fed into a retroreflector (R1) mounted on a 
400  mm long motorized linear stage. An anti-reflection (AR) coated lambda-half 
wave plate (W1) and an AR-coated linear polarizer (P1) is used to control the pump 
power and establish a fixed 45-degree polarization for the pump beam with respect to 
the seed beam. The seed beam power is adjusted by W2 and P2 polarization set in a 
similar manner. The polarization for the seed beam is set to be perpendicular to the 
table which allows transverse magnetic (TM) mode coupling into the waveguides 
sample. The seed  beam then passes through a colour filter (F1), which removes 
residual pump and beam products from the BBO crystal in the Coherent OPA. A 
reflective filter (M8) which reflects  the 800 nm pump beam  but allows the 
corresponding seed beam pass through is used to bring the pump and seed beams into 
co-linear propagation before focusing them both into the sample or Kerr gate, 
(depending on the positions of removable mirrors M9 and M12). 
6.1.2.2  Zero-Time Delay Detection 
In order to synchronize the two beams at the sample waveguide in the time domain, 
i.e. setup ‘zero-time delay’ between pump and seed beams, removable mirrors (M9 
and M12) are placed in the beam paths to divert the two beams into the Kerr gate 
which consists of two lenses (L5 & L6) for input and output coupling, and one SF10   91 
nonlinear glass and a linear polarizer (P3). Figure 57 illustrates the experimental setup 
of the zero-time delay detection with optical path distance information. The Kerr gate 
is configured as polarization gate (PG), where polarizer (P3) is placed in horizontal 
polarization, which blocks the seed  beam when SF10 is not active.  The working 
mechanism of the PG configuration has been well established in many previous 
publications: when the photons from both pump and seed beams arrive at the same 
time, the nonlinear glass will introduce a polarization rotation to the seed photon so 
that the IR detector behind the collection polarizer could see the seed beam [93]. 
Therefore, it is critical that the two beams overlap exactly at the same spot inside the 
SF10 nonlinear glass plate for this experiment. The activated Kerr gate could affect 
the polarization of the seed beam when the pump pulse and seed pulse arrives at SF10 
glass at the same time. The output of the Kerr gate is collected by a monochromator 
equipped with both IR and visible detectors. The visible detector is also capable of 
taking images from visible beam over a wavelength range of 200 to 1100 nm. 
 
 
Figure 57: Experimental setup of the zero-time delay detection with optical path distance 
information (unit: mm) 
 
In practice, the seed polarizer and the crossed  collection polarizer pair does not 
eliminate the seed beam  completely. Due to factors such as material dispersion, 
mechanical errors, and beam instabilities, the overlap of the two beams is not perfect. 
In addition, both pump and seed pulses have certain pulse width, 150 fs for pump, and 
~2 ps for seed, which leads to a overlapping distance of 0.7 mm displacements on 
optical delay line. The approximate zero-time delay position is firstly determined by 
scanning the whole length of the optical time delay line with both beams coupled into   92 
Kerr gate, and beam polarizations are orthogonal to each other. The output from Kerr 
gate will rise significantly once the delay line position reach near to the exact zero-
time delay position. The accurate zero-time delay position for the optical delay line is 
then determined by scanning a ± 0.5mm distance range with a 5 m µ  step size, 
searching for the stage position which gives maximum peak intensity of the seed 
beam as collected after the Kerr gate. Figure 58 shows the physical position for the 
optical delay to obtain zero-time delay condition between pump and seed 
wavelengths, for a number of seed central wavelengths. The physical position for the 
optical delay position follows linear relationship as seed central wavelength increases. 
 
 
Figure 58: Optical delay line positions for zero-time delay vs. seed beam central wavelengths 
 
Aside: It should be noted that the entire optical table layout was designed to ensure 
that zero time delay conditions would be obtained close to the start of travel of the 
moving delay line in order to maximize the adjustable time delay range which can be 
introduced over the remaining travel range. Whilst not directly important to this 
experiment, it is important for pump-probe experiments on ‘slow light’ induced by 
photonic crystal devices where very significant time delays can be introduce by the 
component on test [94].   93 
6.1.2.3  Results Collection 
As the pump and seed beams propagate co-linearly after M8, the two beams will 
always be synchronized once verified by the Kerr gate output. A short focal length 
AR-coated (coating matched to seed wavelength) aspheric lens (L3), which provides a 
near transform limited spot, is used for input coupling to the guides. Output from the 
end facets of the guides are collected and collimated by another aspheric lens (L4). IR 
images of the waveguide facet and corresponding mode shape are focussed onto an IR 
camera by lens (L7) after passing through a long pass filter (F2). Visible images of the 
waveguide facet and corresponding mode shape are collected by setting the silicon 
array detector (mounted to the monochromator) to imaging mode and placing the 
grating to position to  0 degrees which  provides specular reflection rather than 
diffraction of the input beam. All the output spectra are measured  by the same 
monochromator with colour filters that matched to expected output wavelengths, and 
one or more ND filters depends on the intensities of the output beam. All the results 
are comparable as the slit size of monochromator, and integration time is kept the 
same for all measurements.  The noise from the measurements is  kept as low as 
possible by taking background spectra and deduct the results from the parametric 
outputs. 
6.2  Pump-Probe Experiment Results 
6.2.1  Visible Seeding Results 
Silicon dioxide ( 2 SiO ) clad  5 2O Ta  planar rib waveguides with core thickness of 750 
nm and widths of 7 m µ , 10  m µ , 10.5  m µ , and 12.5  m µ , were pumped with co-linear 
coupled 800 nm pump and visible seed beams. The visible wavelength seed beam, i.e. 
signal beam, was tuned over wavelength range 557 – 600 nm with average powers of 
0.01 – 5.0 mW (adjusted by W2 and measured by a power meter (Pow1 in figure 56) 
for all wavelengths used. The visible beam goes through a pair of visible AR coated 
lambda-half wave plate and polarizer with average power limited to under 5 mW, and 
filtered by a KG5 filter to remove the IR products from the OPA. The pump and seed 
beams are brought together to propagate co-linearly by a reflective 700 nm short-pass   94 
filter, which removes the residual 800 nm from the OPA at the same time. A visible 
AR coated short focal length (f = 3.1 mm) aspheric lens is used to couple both beams 
into the waveguide sample (L3 in figure 56). An identical lens is used for output 
coupling (L4). The outputs from the waveguide device are collected by the 
monochromator after passing through a colour filter that removes pump and seed 
beams, and one or several ND (neutral density) filters to reduce the intensity of the 
parametric outputs at  the detector to a measurable level.  The power dependent 
measurements were taken at average pump power range of 1.0 – 13.0 mW (adjusted 
by W1 and measured by power meter Pow1 in figure 56). 
 
Figure 59 shows the parametric gain of the output beam when seeding a device at 
visible wavelengths with a low seed power (0.5 mW average power). At this low 
power the pump depletion effect is eliminated. Waveguide losses over the visible 
region for the same sample were measured (using end fire coupled white light 
transmission spectroscopy) to be approximately 18 dB on average (as shown in inset 
of figure 59). The measured parametric gain for this particular sample was measured 
to be very close to zero, despite the known high level of coupling loss (18dB) and 
surface scattering. This result indicates that with improvement in waveguide loss, the 
material and device configuration should be capable to provide parametric gain. 
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Figure 59: Parametric gains vs. visible seed (signal) wavelengths of stimulated four-wave 
parametric amplification from planar Ta2O5 waveguide g20. Inset: guide losses at examined 
visible wavelengths 
 
Figure 60a shows the output spectra from guide g25 for the pump-probe experiment 
when seeded at around 601 nm with 5 mW average power for several 800 nm pump 
powers. The parametric output spectra increase with pump power. Figure 60b plots 
the maximum intensity with theoretically predicted values superimposed, confirming 
that  it is proportional to the square of the pump power, i.e. 
2 x A y ⋅ = , where 
coefficient A for the maximum pump power could represent the efficiency of each 
seed wavelength. Figure 60c shows the seed wavelength over the examined range 
with the corresponding peak parametric output  wavelengths. The peak output 
wavelengths obtained from this experiment satisfy the 
) 3 ( χ  parametric relations 
(within experimental error range), where two pump photons and one seed photon are 
involved. 
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Figure 60: Parametric output data of guide g25 from visible seeding. (a) parametric output 
spectra for different pump power levels with  the same seed power input  (b)  theory 
expectation (line) and experimental results (dots) of intensities of parametric outputs vs. input 
pump powers (c) theory expectation (line) and experimental results (dots) of peak parametric 
output wavelength vs. input seed wavelength 
 
Having looked at the pump power dependence of the beam for fixed seed power, it is 
also interesting to see how the parametric output changes with seed power for fixed 
pump power (fig. 61). For fixed pump power, the waveguide parametric output power 
also increases with the visible seeding power. Figure 61b shows the visible seed 
power dependence of output spectra from the same waveguide, i.e. g25, at average 
pump power of 12.50 mW. Due to pump depletion effects, the relation between output 
and seed power satisfies the function in the form:  ) 1 (
x e A y
⋅ − − ⋅ =
α , i.e. due to the 
pump depletion, where  6 . 33340 = A , and  22143 . 0 = α .  When pump depletion is 
taken into account, change of seed intensity changes the phase-matching condition 
between pump and see, i.e. effective interaction length will change [3]. 
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Figure 61: Parametric output data of guide g25 from visible seeding. (a) parametric output 
spectra for different seed power levels with the same pump power input  (b)  theory 
expectation (line) and experimental results (dots) of intensity of parametric output vs. input 
seed power 
6.2.2  IR Seeding Results 
The 10  m µ  wide waveguide (g20) used for visible seeding experiments was pumped 
with co-linear coupled 800 nm pump and IR seed beams. The IR seed was tuned over 
wavelength range 1200 –  1600 nm, in  50 nm steps.  The  idler  outputs from the   99 
OPA9400 are filtered by an RG1000 filter to remove the residual 800 nm pump and 
visible products. The IR beam then goes through a pair of IR AR coated lambda-half 
wave plate and polarizer. The two beams, pump and seed, are then brought together to 
propagate co-linearly by a reflective 900 nm long-pass filter. Although the average 
power for IR seed is below 2 mW for all wavelengths used, it proved to be sufficient 
enough to stimulate both THG effects and 
) 3 ( χ  parametric effects. The co-linear 
beams are then focused into the waveguide by an IR AR coated short focal length (f = 
3.1 mm) aspheric lens (L3 in figure 56), and the outputs from the waveguides 
collected by a IR AR coated aspheric lens with f = 11 mm (L4 in figure 56). The 
outputs are then filtered by various filters (F(s) in figure 56), including 700 nm short-
pass, or 1000 nm long-pass filters with neutral density ND2.0, and/or ND3.0 filters, 
before  collected by the detectors attached to the monochromator. The power 
dependence measurements were taken at average pump power range of 0.5 – 13.0 
mW (adjusted by W1 and measured by power meter Pow1 in figure 56). The outputs 
show visible spectra with the parametric outputs and the third-harmonic generation 
output when the THG outputs are not getting absorbed. 
 
Figure 62  shows the parametric gain of the idler beam when seeding at  IR 
wavelengths with low seed power (0.5 mW average power) to eliminate the pump 
depletion effect. The results show similar parametric gain as shown in figure 59 to 
coupling losses, surface scattering, and waveguide losses of approximately 19 dB on 
average as shown in the inset of figure 62. It has been proved in the next section 
(section 6.2.3) that it is possible to get gain in seed wavelength from the waveguide if 
the waveguide losses are improved. It is quite interesting that the outputs, i.e. signal 
wavelengths, of the four-wave parametric amplification process changes with pump 
and seed wavelengths. 
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Figure  62:  Parametric gains vs.  IR  seed (idler) wavelengths  of stimulated four-wave 
parametric amplification from Ta2O5  pentoxide waveguide g20.  Inset: guide losses at 
examined IR wavelengths 
 
Figure 63a shows pump (800 nm) power dependence of the output spectra from the 
pump-probe experiment for seeding g20 at around 1550 nm with fixed power. The 
constant output spectra around 520 nm indicate that the THG outputs is not affected 
by the pump power, i.e. THG is stimulated only by the seed beam. The parametric 
output shows peak at around 540 nm as expected for the inverse process of the 
parametric conversions to the visible seeding. The power dependence relationship 
between the pump and IR seeded parametric output is the same as the visible seeding, 
i.e. quadratic relation, as shown in figure 63b. Figure 63c shows output profiles from 
the examined IR seed wavelengths including the THG outputs. The figure also shows 
the corresponding parametric output peak wavelengths. The parametric output peak 
wavelengths obtained from this experiment are as expected for the inverse process of 
the parametric conversion to the visible seeding.   101 
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Figure 63: Parametric output data from IR seeding. (a) parametric output spectra for different 
pump power levels  with the same seed power input  (b)  theory expectation (line) and 
experimental results (dots) of intensity of parametric outputs vs. input pump powers  (c) 
theory expectation (line) and experimental results (dots) of peak parametric output 
wavelengths vs. input seed wavelengths. The image also shows expected THG outputs (dotted 
line), and the spectra profiles of the parametric outputs for each seed wavelength 
6.2.3  Four-Wave Parametric Amplification Gain from Er doped 
Tantalum Pentoxide ridge waveguide devices 
In the very last days of this PhD project, a new set of low loss Er doped  5 2O Ta  ridge 
waveguide devices became available (actully fabricated for a different project). A 2 
cm long, 40% etched 1  m µ  thick core ridge waveguide with 1  m µ  and 2  m µ   2 SiO  
cladding on top and bottom, was examined using the same pump-probe configuration 
as shown in figure 56. The width of the tested waveguide is 6.6  m µ  wide (named as 
guide g18). The waveguide loss for the Er doped  5 2O Ta  ridge waveguides were tested 
using a prism coupling method and verified to be 0.8 dB/cm for CW waves at a 
wavelength of 600 nm and 0.4 dB/cm at 833 nm. These new low loss devices were 
fabricated on the new Leybold Hellios sputtering system which was recently installed 
in the Southampton Cleanroom facility (this equipment was not available for the first 
three years of my PhD). The Hellios system works in a very different way to the OPT   103 
system 400 which was used to produce the original samples tested in this thesis. The 
Hellios produces material by reactive ion beam assisted sputtering which results in 
very low loss films which are unobtainable by direct RF magnetron sputtering (as is 
the case in the OPT system). 
 
Tests on the new waveguide sample probed at a visible seed wavelength of 600 nm 
showed 1 dB gain for the four-wave parametric amplification process (as shown in 
figure 64) as follows. Figure 64 shows the measured parametric gain of the output 
beam with respect to the pump coupling position on the input facet. In this case the 
guide is relatively wide, so adjusting the input coupling position on the facet affects 
the order of the coupled mode. As the dispersion for each mode is slightly different, 
changing facet coupling position effectively changes the phase-matching condition 
inside the guide. 
 
A maximum gain of over 3 dB was measured at the extremities of the tuning range, 
and one of the guides (g18 coupling position 1) demonstrated significant gain over the 
whole wavelength range (590 – 610 nm) (1 dB on average) for the optimized coupling 
position. This result shows that with proper waveguide design it is possible to obtain 
parametric gain from  5 2O Ta  planar waveguide devices over a wide wavelength range, 
provided the coupling and waveguide losses are improved by improved setup and 
fabrication process (as is the case for these Hellios sputtered samples). We also note 
that the modal power confinement is much reduced in the new ridge waveguide 
samples than would be the case for rib waveguides as the spot size is larger and the 
mode less well confined to the stripe region. Hence the gain figures measured in this 
experiment (particularly G18 position 1) can be considered to be quite conservative, 
due to the fact that a large amount of pump power would be coupled to other modes 
which are not well phase-matched and so do not contribute to the gain. Hence with 
proper engineering and implementation of single mode rib waveguides (with higher 
associated modal power densities) we would expect the gain figures to be much 
higher. 
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Figure 64: Four-wave parametric amplification gain measured on a 6.6 µm wide low loss Er 
doped tantalum pentoxide ridge waveguide (g18) 
6.3  Pump-Probe Experiment Results Discussion 
6.3.1  Relationships between Output Intensity and Pump/Seed Intensity 
The theory of third-harmonic generation from the waveguides was described in [95]. 
The broadband tunable optical parametric process we investigate in this chapter is a 
different third-order nonlinear process to that involved in third-harmonic generation, 
i.e. stimulated four-wave amplification. The process involves two of pump photons 
and one seed photon to generate one beam  photon  as illustrated in fig. 65. The 
relationship between the three photons could be expressed as [4]: 
seed pump output ω ω ω − = 2                  (26) 
whereas for THG it would be:  pump output ω ω 3 =    105 
 
Figure 65: Illustrations of the stimulated co-linear parametric four-wave amplification process 
in planar Ta2O5 waveguides 
 
The intensity dependence of the output beam ( output I ) of the pump ( pump I ) and seed 
intensity ( seed I ) for the non-depletion regime is given by equation 4 in section 2.2.1 
[18]: 
2
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constant as for the THG effect (for the four-photon process) as described in section 
4.2. 
 
The intensities of parametric output  and pump follow quadratic relationships, i.e. 
2
pump output P A P ⋅ =  (where coefficient A reflects the efficiency of the process), as 
shown both in the IR and visible seed experiments (fig.60b and 63b). The IR seed is 
more efficient for this nonlinear process as coefficients obtained from fig 60b and 63b 
are similar, but the input seed power is higher for visible seed than IR seed. 
According to the same equation, beam intensity should be linearly proportional to the 
seed, but by taking account into pump depletion relations as shown below [96]: 
) 1 (
x e A y
⋅ − − ⋅ =
α                    (27) 
The experiment results shown in figure 61b verify this relationship.   106 
6.3.2  Relationship  between Output  Intensity and Pump-Seed Phase-
Matching condition 
The phase term 
2
2 /
) 2 / sin(
 

 

⋅ ∆
⋅ ∆
l k
l k
 is affected by both the time-delay between pump and 
seed beams and the dispersion of the waveguide. Figure 66 shows that the parametric 
output  spectra profiles and parametric output  peak wavelength changes when 
changing the time-delay between the pump and the visible (fig 66a, 66b, and 66c) and 
IR (fig 66d) seed pulses within around ± 100 fs on several different waveguides. The 
diameter of each circle plotted in figure 66 is proportional to the intensity of the 
parametric output. 
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Figure 66: Time dependent spectra output profiles from tested waveguides of both visible and 
IR seeds with seed peak changes indicated by circles (diameters relative to intensity) within 
around +/- 100 fs. (a) guide g14 seeded at 577 nm, (b) guide g21 seeded at 577 nm, (c) guide 
g25 seeded at 577 nm, (d) guide g20 seeded at 1300 nm 
 
The above figures show that it is possible to achieve short-range wavelength tuning 
by adjusting the time-delay between the pump and seed pulses, but the changing 
intensities indicate that the phase-mismatch has very large impact on the efficiency of 
the parametric effect. The other major factor that affects the phase-matching condition 
for FWM is the dispersion of the waveguides with respect to seed wavelength. The 
white light generated from sapphire plate inside the Coherent OPA9400 is used to 
measure  the dispersion properties of the waveguides  in conjunction with time 
resolved spectroscopy. By coupling the white light into the waveguides and 
examining the output through the Kerr gate (the Kerr gate is only transparent when 
both pump and white light arrive at the same time). The supported modes for one 
particular wavelength can only transmit through the Kerr gate when the pump pulse 
arrives at the same time. Therefore, the time-delay between the pump and white light 
pulses directly reflects the dispersion of the waveguides. The dispersion properties, i.e. 
refractive index, of the waveguides can also be obtained from software simulations 
using RSoft CAD. Figure 67a  shows dispersion measurements on the examined 
waveguide (g20) without dispersion corrections. The dispersion of the waveguide is   109 
corrected against the intrinsic dispersion of the optical path (fig. 67b).  The parametric 
output  mode images from parametric  effect  are shown in fig. 67c  to provide 
information for simulation of the dispersion using RSoft CAD package using the same 
simulation setup as describe in section 3.2.2.  Figure 67d show the time resolved 
dispersion measurements on the examined waveguide (g20), along with the simulated 
refractive index for 12 supported modes. 
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Figure  67:  Dispersion measurements on the examined waveguide (g20). (a)  Waveguide 
dispersion without path dispersion corrections, (b) Optical path dispersion, (c) Parametric 
output  mode images from stimulated four-wave amplification  effect,  and  (d)  Dispersion 
measurements by Kerr Gate with the RSoft simulation results of the refractive index for 12 
supported modes 
 
The measurement results show that the supported modes are continuous through the 
examined wavelength range. Although there is mode hopping for different 
wavelengths, it is possible to tune the parametric output wavelength smoothly by   111 
adjusting the time-delay  provided  a broadband seed can  be coupled into the 
waveguides with high efficiency over its entire bandwidth along with sufficiently high 
energy pump pulses to stimulate the FWM effects. 
6.4  Summary 
In summary, the optical parametric effect has been demonstrated in 7 mm long  5 2O Ta  
planar rib waveguides using a time resolved pump-probe experiment  setup. The 
parametric effect works for  both low-  and high-energy conversion  processes.  The 
dispersion properties of the measured waveguides were also investigated through Kerr 
gate measurements, which show the possibility of making an  on-chip optical 
parametric  amplifier  by coupling white light seed  sources.  With  improvement in 
fabrication processes, low loss 2 cm long Er doped  5 2O Ta  planar ridge waveguide 
samples demonstrated parametric gain of around 1 dB at a test wavelength of 600 nm. 
As the ridge waveguides suffer from weak coupling (as shown in section 3.2.2), the 
parametric gain can be improved further by improving the input coupling using rib 
waveguides.  The results presented  in this chapter  confirm the great potential for 
making  compact  ‘on-chip’  nonlinear  tunable  lasers  based on  5 2O Ta  planar 
waveguides. Further ideas on how to implement this efficiently are presented in the 
next chapter. 
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Chapter 7  Future Works 
The experimental  results  presented in the previous chapter  verify  the  viability  of 
developing an on-chip nonlinear photonic device using the  5 2O Ta  material system, 
and also show that guides may be used ‘as-is’  for dual-band optical coherence 
tomography (OCT) light source (described in more detail later in the next section). 
 
Further work will explore the potential for utilizing the nonlinear optical effects from 
5 2O Ta  waveguides to make useful on-chip devices, e.g. nonlinear on-chip tunable 
laser. This chapter outlines the ideas for optimizing the nonlinear effects in order to 
fulfil the objectives of this project. 
7.1  Optimization of Third Harmonic Generation (THG) 
The third harmonic beams reported in chapter 4 are currently centred at the desired 
wavelengths but have very low intensities (
5 10
−  less) compared to the continuum 
beams. According to equation 20, (
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are two ways to improve the THG beam intensity/conversion efficiency, i.e. to obtain 
intensity levels similar to the continuum beam: 
1)  Magnify the pump intensity ( ) (ω I ) into the guide 
2)  Change the wave number difference ( k ∆ ) within the guide. 
 
1)  Work presented in chapter 3 of this thesis shows that for a conventional planar 
waveguide  design, changing the waveguide dimensions will not cause any   113 
significant  change  to  k ∆ , but changes in  ) (ω I  will be significant.  By 
shrinking the waveguide size to 1/100 of the current sizes (i.e. creating nano-
wire waveguides with  new dimensions of  375  nm × (50  nm ~ 360  nm)), 
assuming coupling loss is the same, the pump power density can be magnified 
by 100 times in theory. Therefore, the intensity of the THG beam increases 
with cubic relation and  will be magnified by 
7 10  times.  Provided phase-
matching condition is still conserved in the nano-wire waveguides, this should 
allow the THG beams to reach comparable power levels as the continuum 
beam.  The  two  major  difficulties  associated  with  this method  are:  a) 
manufacturing and b)  optical coupling.  Manufacturing waveguides at 
nanometre scales with good quality will require very precise micro-machining 
facilities and careful processing. End fire coupling into the waveguide with 
nanometre scale sizes will not produce the magnification as expected due to 
increased coupling losses. Hence, tapered coupling structures (see fig. 68) will 
be needed to make sure pump light is efficiently coupled in at the input facet 
and concentrates it in the waveguide section, with maintained mode profile, 
where most of the nonlinear conversion process occur. 
 
 
Figure 68: Tapered planar waveguide 
 
2)  The wave number difference ( k ∆ )  can  be  significantly  changed  by using 
photonic crystal (PC) structures such as photonic crystal slab (PCS), which are   114 
capable of changing  the  effective mode  index  for  certain  wavelengths 
(dependent upon lattice layout  and parameters).  PCSs are  also better for 
confining light inside small volumes of space than conventional rib or ridge 
waveguides as they can be designed to allow no light penetration into the 
cladding regions to the side of the guides, for example, photonic line defect 
waveguides  (see fig. 69)  [66]. By changing both  k ∆  and  ) (ω I  within the 
structure, high intensity of the THG beam will be much easier to obtain than 
using rib or ridge waveguides designs. There is a issue of loss with photonic 
crystal structures, but it could be controlled by modifying the refractive index 
of lattice holes [97]. 
 
 
Figure 69: Photonic crystal slab with line defect [66] 
7.1.1  Dual-Band Optical Coherence Tomography (OCT) 
The dual-band OCT utilizes two different wavelength bands instead of one to improve 
the axial resolution of the system. There are two main types of dual-band OCT 
systems: the first uses two continuum beams with centre wavelengths at around 
800nm and 1300nm to provide two images with different resolutions. By combining 
these two images, the resolution of the system is greatly improved (from 10 – 15  m µ  
to less than 5  m µ ) [98-100]. The second type utilizes a continuum beam centred at a 
long wavelength for imaging, and a shorter wavelength as a resolution reference to 
achieve better overall system resolution (time domain sensitivity can be improved by 
more than 30 dB) [101-103]. The measurement results for our waveguides fit the 
second type of the system, in which case the low power THG beam could act as the   115 
reference and the continuum beam used for imaging. In order to use the  5 2O Ta  
waveguides for the OCT system, (which normally requires the centre wavelength to 
be 1300 nm) further tests should be performed to verify that there is THG at pump 
wavelengths lower than 1400 nm, since we have only demonstrated THG at 
wavelengths of 1470 nm and longer wavelengths in the work above. There should be 
no fundamental issue to achieve this, but there may need to be small adjustments to 
the phase-matching condition  to optimize conversion efficiency (achieved by 
modifying cross-sectional profile of the waveguide). In addition, the OCT system 
requires relatively wide and flat continuum spectrum with low noise, hence, apart 
from increasing the THG beam intensity discussed above, the continuum output from 
the waveguides need to be optimized for the dual-band OCT system (approximately 
200 nm bandwidth). Possible ways of optimizing the SC output from the waveguides 
are discussed in the section 7.2. 
7.1.2  OCT with Fluorescence Detection 
OCT with fluorescence detection is  currently  achieved  using  two separate light 
sources [104, 105]. If THG beams obtained in the experiments presented in chapter 4 
could be magnified to a sufficient intensity level  to obtain fluorescence, the 
waveguides would also be suitable for OCT imaging with fluorescence detection at 
the same time. As most fluorescence effects are excited by higher energy photons (i.e. 
shorter wavelengths), the THG beams  must be spectrally located around 400  nm. 
Therefore,  5 2O Ta  waveguides used in above experiments will need to be tested for 
absorption and photon-darkening effects at these lower wavelengths. 
7.2  Optimization of Supercontinuum (SC) Generation 
Both the spectral quality and power level of a supercontinuum (SC) source is critical 
for making an on-chip tunable laser. The third order susceptibility (
) 3 ( χ ) of  5 2O Ta  
was characterized by analyzing THG in chapter 4, which gives the value of nonlinear 
coefficient ( 2 n ). This enables us to investigate, and predict the relative contributions   116 
from  self-phase modulation (SPM) and four-wave mixing (FWM)  effects  in the 
waveguide output spectra. 
 
It is also possible to optimize 
) 3 ( χ  effects by adjusting the GVD of waveguides to 
produce the optimum supercontinuum spectra in the femtosecond regime. The GVD 
properties of the waveguides are currently obtained from software simulations (the 
subject of chapter 3). To experimentally characterize the GVD properties of nano-
wire waveguides requires the use of measurement techniques such as time-of-flight 
[94, 106, 107] or auto-correlation [108, 109] methods. Further possibilities include 
utilizing FWM and XPM to generate extra frequency components and SPM to 
produce wider and smoother spectrum (as shown in section 5.1.1). This could be done 
in practice by  using tapered nano-wire  waveguides  to  increase  the  coupled pump 
intensity, and careful selection of waveguide dimensions  with  respect to working 
wavelength. Alternatively, photonic crystal structures could be employed to improve 
the SC outputs. 
 
An alternative possibility is to manipulate the pulse duration within the PLC chip 
itself (i.e. apply pulse compression) to remove the need for a complex and expensive 
external femtosecond pump laser, and move to a cheaper picosecond or nanosecond 
pump. Pulse compression can realistically be achieved by incorporating highly 
dispersive photonic crystal waveguides, (i.e. use +ve or –ve dispersion introduced by 
an appropriately designed line defect waveguide fabricated from a nonlinear material 
as the Laser cavity [110-112]) in which case (providing similar results as presented in 
chapters 4 and 5 are obtainable) very cheap solid state laser and OCT sources could 
evolve from this project using a VECSEL [113] (Vertical-External Cavity Surface-
Emitting Lasers), also known as semiconductor disk laser (SDL), pump source instead 
of prism compression with bulk optics [114]. 
 
Figure 70 [113] illustrates the operating mechanism of a VECSEL laser. Utilizing the 
well designed quantum well structures to provide low-divergence, circular, near-
diffraction-limited, high quality  mode  output  with  a wide gain bandwidth and 
excellent thermal properties. The VECSEL also allows manipulation of the laser 
output, for example, an external cavity semiconductor saturable absorber mirror   117 
(SESAM) could be used to give a train of short pulses in the laser output [113]. The 
VECSEL has been widely reported working in nanoseconds, picoseconds, and 
femtoseconds regimes [115-117]. With the recent development in VECSEL, a peak 
power of around 337 W/pulse with 1 GHz repetition rate, 120 mW average power, 
and 335 fs pulse duration can be achieved from VECSEL for the state of the art [116]. 
 
 
Figure 70: Illustration of the generation mechanism of VECSEL lasers [113] 
 
Provided the fabrication process can be improved to reduce the loss to less than -4 
dB/cm in waveguide samples, it should be possible to achieve similar SC generation 
results as those presented in chapter 5, by using a femtosecond VECSEL as the pump 
source in conjunction with nanowire waveguides with cross-section of 200 by 100 nm. 
7.3  Optimization of Optical Parametric Conversions – Viability 
of Low Cost Fully Integrated On-Chip Tunable Laser 
As explained in the previous two sections, by shrinking the waveguide dimensions, 
integrating photonic crystal components into the waveguides, and pumping using a 
compact  low cost femtosecond pump source,  (such as a  VECSEL), it could be 
possible to create a high performance, low cost integrated ‘on-chip’ nonlinear tunable 
laser device that could be useful for many optical applications. 
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By utilizing a state of the art VECSEL device as a pump source [116, 118, 119], 
reducing the cross-section of the waveguides down to 100 nm by 200 nm, and 
reducing waveguide loss to -4 dB, the peak power of both pump and seed pulses can 
match a similar level to that used in experiments in chapter 6 (and so produce similar 
parametric output). Hence it is technically feasible to fabricate a compact low cost on-
chip tunable laser device using the principles investigated in this thesis.  
 
Similar waveguide dimensions  also satisfy  the requirements for producing SC as 
stated in section 7.2. The photonic crystal structures could also be embedded into the 
waveguides to further improve the intensities (optical power densities), and provide 
phase-matching environment between pump and seed pulses. 
 
Based on discussions so far, an on-chip tunable laser could work in the following way: 
The chip could be divided into 2 regions: an input region with initial nonlinear optical 
processing, and a  wavelength tuning region  with  output. The input  region  sub-
component consists of waveguides that magnify the pump power, and produce SC 
generation (to act as a seed) after splitting the energy from one source into two parts. 
The energy could be split evenly (or by certain percentage depending on the design). 
The wavelength tuning with output sub-component of the chip will guide pump and 
seed beams into one single waveguide that provides the phase-matching environment 
for the parametric conversion to work. With the fixed delay provided by the photonic 
crystal waveguide embedded in the tuning sub-component, the wavelength tuning (in 
concept) could be achieved by modifying the waveguide length through metal contact 
embedded in the device acting as a localized heater. Parametric output beam from the 
tunable laser is then coupled out through another photonic crystal waveguide, whilst 
maintaining good mode profiles, and minimizing losses (see fig. 71). The detailed 
benefits of using photonic crystal embedded inside the waveguides are outlined in the 
next section. 
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Figure 71: Concept design for on-chip tunable laser using planar photonic crystal waveguide 
technique 
7.4  Photonic Crystal Structures Designs 
The next part of the project revolves around investigating the beneficial effects of 
incorporating photonic crystals into nonlinear waveguides, in terms of solving 
limiting factors for the input of the device using a low power pump source in planar 
waveguides. 
 
Introduction of photonic crystals allows several possibilities: 
 
1) Multiple ZDW devices: 
According to the results of multiple ZDW PCFs (presented in chapter 1), we would 
expect  a  wider SC with relatively good flatness at lower pulse power  if similar 
designs were adopted for a planar device. However, it might also introduce more 
spectral noise than single ZDW devices in the mean time. Figure 72 shows there are 4 
ZDWs for the waveguide with embedded photonic crystal. 
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Figure 72: (a) Photonic crystal slab waveguide, and (b) Waveguide dispersion properties for 4 
TE modes 
 
2) Pulse-width manipulation: 
Similar to the examples explained in [120]  and  [121]  using grating structures, 
dispersive properties of photonic crystals provide a method to manipulate the pump 
pulse characteristics allowing on-chip pulse compression or expansion. 
 
3) Phase-matching manipulation: 
Photonic crystals may allow interesting sum and difference frequency generation 
effects to occur in nonlinear waveguides through parametric wavelength conversion. 
These would be reliant upon directional phase-matching effects within the crystal 
structures and could lead to single wavelength tunability  by simply adjusting the 
incidence beam direction (fig. 73). The band diagram of a rectangular photonic crystal 
lattice is shown in figure 74.  Effects of photonic crystal devices on sum and   121 
difference frequency generation could be examined via angular reflectometry and in-
plane coupling using pulsed pump sources on currently available samples as follows: 
 
 
Figure 73: Setup for examining directional phase-matching effects and wavelength tuning 
within the crystal structures by adjusting the incidence beam direction 
 
 
Figure 74: Band diagram of a rectangular photonic crystal lattice   122 
 
Experiments should start by investigating dispersive properties, and parametric 
wavelength conversion effects in gratings and 2D PC lattices etched into the  5 2O Ta  
waveguide cores using spectroscopic angular surface reflectometry (see fig. 75). In 
this case for simple dispersion measurements low power white light is coupled into 
the device from the top surface via leaky modes and wavelength spectra of leaky 
modes (which can be measured in reflection by a fibre probe) and confined guided 
modes (which can be seen as a line across the slab waveguide, via a colour camera 
mapped. Dispersive properties of the PCs can also be temporally resolved by 
transmission spectroscopy using end-fire coupled white light. 
 
 
Figure 75: Spectroscopic angular surface reflectometry beam coupling via leaky modes to 
investigate phase-matching in PC 
 
Once PC dispersion has been experimentally mapped and validated against theoretical 
band-structure, the low power white light pump source is replaced by a high power 
pulsed source, and the experiments repeated. This time angular reflectometry will 
map parametric wavelength conversion as a function of incidence angle – which in   123 
turn relates to specific coupled Bloch mode (or dispersion band) in the PC structure. 
Newly generated parametrically converted modes will either couple to free space 
reflected beams via scattering to leaky modes (which can be mapped by a fibre probe), 
or will propagate as confined modes within the PC slab waveguide as coloured beams 
(which could be viewed by a colour camera from above). In this case, the direction of 
converted beams can also be mapped, giving further information about Bloch mode 
coupling within the PC (see fig. 75). This experiment would give full information 
relating to angle tuned  phase-matching condition  for parametric wavelength 
conversion in a nonlinear PC device. 
 
A second set of experiments should study the temporal modification of the pump 
pulse by the PC, and determine the effect of adjusting the ZDW of the waveguides 
(which in turn depends on the dispersion of the particular Bloch mode to which the 
pump is coupled in the PC) as well as the requirements for pump power and pulse-
width characteristics for generating SC (this can be  done using the current 
transmission setup used in chapter 5). It is expected that the PC will allow greater 
range of control over ZDW than can be achieved by a nano-wire waveguide alone. 
7.5  Computational Modelling of Photonic Crystal devices 
For the purpose of investigating the photonic crystal (PC) designs, the photonic 
bandgap associated with different lattice patterns (geometries) must be simulated to 
provide a reference for device fabrication. Current experimental results show two 
simultaneous signals (SC generation and THG) generated inside one waveguide by 
the same pump. The modelling should be extended to incorporate the nonlinearity of 
the waveguide material (as determined by the experiment chapter 4) to investigate 
temporal effect of the PC structures on the input pulse. For example, to investigate the 
effect of pulse chirp in various PC designs in comparison to transform limited pulses. 
 
Finite difference time domain (FDTD) [14] modelling techniques could be used for 
the investigation of evolution of SPM in PC structures for a transform limited input 
pulse propagating in a nonlinear waveguide. As the photonic crystal leads to ‘slow 
light’, and increased strength of nonlinear interactions, FDTD should be considerably   124 
more practical for modelling nonlinear  effects in PC devices than normal planar 
waveguide discussed in chapter 3. By varying the pump wavelength, incident angles, 
or lattice geometry, we would expect to observe in theory how complex optical effects 
such as FWM and XPM evolve in different PC structures. This would provide a base 
line for designing appropriate PC structures, and is helpful for analyzing experimental 
results even further. 
 
It will be necessary to investigate the output spectrum as a function of spatial position 
within the PC structure and input pulse power. The setup of these simulations requires 
modelling pulse propagation inside the PC structures without incorporating the 
nonlinearity or other waveguide characteristics to provide a reference for comparison. 
Currently, elementary simulations are performed to observe the photonic bandgaps in 
order to build up more complex simulations for obtaining the theoretical model of 
photonic crystal structures. It is also useful to simulate the device with incorporation 
of different materials and patterns on the same wafer. This will provide design 
reference for on-chip tunable lasers. 
 
By designing the waveguides or photonic crystal properly and processing different 
materials on the same wafer, it is possible to make the wave mixing or spatially 
separate the two different outputs on the same chip (for example, by encouraging 
coupling to different angularly scattered Bloch modes, or by use of line defect 
waveguide circuits). Then the on-chip tunable laser system will be feasible with the 
improved SC generation and pump signals. 
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Chapter 8  Conclusions 
The development of planar waveguide technology has demonstrated great potential 
for creating an on-chip tunable laser system as both supercontinuum (SC) generation 
and parametric effects can be produced within a single waveguide. The characteristics 
of the SC suggest that it is capable to be used in many applications, including as the 
essential components for on-chip  tunable  lasers. The potential to integrate  planar 
waveguides using modern nano-fabrication methods makes the laser system in planar 
waveguides very interesting and valuable. The physical effects, related to parametric 
conversion and SC, are reviewed in this thesis based on the research works done 
previously for optical (photonic crystal) fibres. It shows that the linear dispersion 
effect is always accompanied by the nonlinear optical effects during the formation of 
SC. The resulting SC depends on various factors including: input pulse duration, input 
power, input pulse wavelength, dispersion properties of the optical guides, nonlinear 
characteristics of the core materials, and the geometries of the optical guides. Then, 
the theoretical and experimental observations of the dispersion properties of the 
planar waveguides are demonstrated in this thesis, which provide the reference point 
for future simulations and experiments. 
 
This thesis shows the experimental results of THG effects, SC generation, and 
parametric effects generated on a single rib waveguide with femtosecond pulsed laser. 
The third-order susceptibilities at wavelength range of 1470 – 1610 nm of  5 2O Ta  
waveguides are derived from THG results. The derived values are in good agreement 
with values obtained in previous work using the SPM effect. The SC results show up 
to ~200 nm pulse broadening are also presented in the thesis, which provides the 
desired information for researching the nonlinear properties of  5 2O Ta  waveguides for   126 
further optimization of the device output. The parametric effects showed two-way 
frequency conversions, from high-  to low-energy and low-  to high-energy, with 
amplification to the seed inputs.  Further optimization steps are suggested for 
archiving the high efficiency wavelength conversion with the planar waveguide for 
tuning functions. 
 
The other major motivation of the project is to have the SC generation embedded with 
other sub-systems into a single chip, which can be used for potential applications not 
only for on-chip tunable lasers, but also for sensors and bio-devices. The small device 
size and the ease of fabrication also make the project attractive in terms of the costs 
reduction for the products. For the next step, this project will not only be limited to 
on-chip tunable laser system designs. One of the possible extensions of the project is 
to provide light source for self-integrated dual-band OCT systems. 
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Appendix A: Tantalum Pentoxide and 
Titanium Dioxide Material Dispersion – 
Equations & Parameters 
Refractive index calculations for  5 2O Ta  and  2 TiO  [62], i.e. material dispersion 
calculations: 
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Table 4: Fitting Parameters for Ta2O5 and TiO2 Material Dispersion [63] 
Fitting Parameters  5 2O Ta   2 TiO  
) ( 1 ∞ ε   2.23± 0.05  2.19± 0.03 
g E   [eV]  4.04± 0.02  3.26± 0.01 
A  174.7± 6.5  247.6± 5.9 
0 E   [eV]  5.35± 0.02  4.13± 0.02 
C  1.69± 0.06  1.86± 0.03 
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Appendix B: Silicon Dioxide Material 
Dispersion – Sellmeier Equation 
Refractive index calculations for  2 SiO  [14] can be well matched by the Sellmeier 
equation: 
 
∑
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where  i a ’s and  i b ’s are Sellmeier coefficients. Table 5  shows the Sellmeier 
coefficients of pure and dope silica glasses [15]. 
 
Table 5: Sellmeier coefficients of pure and doped silica glasses [15] 
Dopant 
(mole%) 
Pure  2 SiO   2 GeO  (6.3)  2 GeO  (19.3)  3 2O B  (5.2)  5 2O P  (10.5) 
1 a   0.6961663  0.7083952  0.7347008  0.6910021  0.7058489 
2 a   0.4079426  0.4203993  0.4461191  0.4022430  0.4176021 
3 a   0.8974794  0.8663412  0.8081698  0.9439644  0.8952753 
1 b   0.004679148  0.007290464  0.005847345  0.004981838  0.005202431 
2 b   0.01351206  0.01050294  0.01552717  0.01375664  0.01287730 
3 b   97.93400  97.93428  97.93484  97.93353  97.93401 
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Appendix C: Tellurite Material Dispersion 
Refractive index calculations for  2 TeO  can be well matched by the Cauchy optical 
equation [64]: 
4 2 ) (
λ λ
λ
C B
A n + + =  ( m µ λ : ) 
Table 6 shows the Cauchy parameters for  x TeO  samples [64]. 
 
Table 6: Cauchy parameters for TeOx [64] 
x  A  B (
2 m µ )  C (
4 m µ ) 
2.0  2.0559  0.03393  — 
2.04  2.0407  0.02791  0.00808 
2.17  1.9943  0.01908  0.00188 
2.18  1.9783  0.01926  0.00199 
2.22  2.0026  0.01843  0.00215 
2.33  1.9625  0.01808  0.00207 
2.38  1.9719  0.01891  0.00201 
2.42  1.9634  0.01589  0.00199 
2.50  1.9693  0.02821  — 
2.57  1.9660  0.01949  0.00163 
2.65  1.9445  0.01995  0.00160 
2.75  1.9278  0.01823  0.00192 
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Appendix D: Finite-Difference Time-
Domain (FDTD) Method 
FDTD [68] is a grid-based differential time-domain numerical modeling method. The 
time-dependent Maxwell's equations (in partial differential form) are discretized using 
central-difference approximations to the space and time partial derivatives. The 
resulting finite-difference equations are solved in either software or hardware in a 
leapfrog manner: the electric field vector components in a volume of space are solved 
at a given instant in time; then the magnetic field vector components in the same 
spatial volume are solved at the next instant in time; and the process is repeated over 
and over again until the desired transient or steady-state electromagnetic field 
behavior is fully evolved. 
 
The advantages of FDTD include: 
 
•  FDTD is a time-domain technique, and when a broadband pulse (such as a 
Gaussian pulse) is used as the source, then the response of the system over a 
wide range of frequencies can be obtained with a single simulation. This is 
useful in applications where resonant frequencies are not exactly known, or 
anytime that a broadband result is desired. 
 
•  Since FDTD calculates the E and H fields everywhere in the computational 
domain as they evolve in time, it lends itself to providing animated displays of 
the electromagnetic field movement through the model. This type of display is 
useful in understanding what is going on in the model, and to help ensure that 
the model is working correctly. 
 
•  The FDTD technique allows the user to specify the material at all points 
within the computational domain. A wide variety of linear and nonlinear 
dielectric and magnetic materials can be naturally and easily modeled. 
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•  FDTD allows the effects of apertures to be determined directly. Shielding 
effects can be found, and the fields both inside and outside a structure can be 
found directly or indirectly. 
 
•  FDTD uses the E and H fields directly. Since most EMI/EMC modeling 
applications are interested in the E and H fields, it is convenient that no 
conversions must be made after the simulation has run to get these values. 
 
The disadvantages of FDTD are: 
 
•  Since FDTD requires that the entire computational domain be gridded, and the 
grid spatial discretization must be sufficiently fine to resolve both the smallest 
electromagnetic wavelength and the smallest geometrical feature in the model, 
very large computational domains can be developed, which results in very 
long solution times. Models with long, thin features, (like wires) are difficult 
to model in FDTD because of the excessively large computational domain 
required. 
 
•  FDTD finds the E/H fields directly everywhere in the computational domain. 
If the field values at some distance are desired, it is likely that this distance 
will force the computational domain to be excessively large. Far-field 
extensions are available for FDTD, but require some amount of postprocessing. 
 
•  Since FDTD simulations calculate the E and H fields at all points within the 
computational domain, the computational domain must be finite to permit its 
residence in the computer memory. In many cases this is achieved by inserting 
artificial boundaries into the simulation space. Care must be taken to minimize 
errors introduced by such boundaries. There are a number of available highly 
effective absorbing boundary conditions (ABCs) to simulate an infinite 
unbounded computational domain. Most modern FDTD implementations 
instead use a special absorbing "material", called a perfectly matched layer 
(PML) to implement absorbing boundaries. 
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•  Because FDTD is solved by propagating the fields forward in the time domain, 
the electromagnetic time response of the medium must be modeled explicitly. 
For an arbitrary response, this involves a computationally expensive time 
convolution, although in most cases the time response of the medium (or 
Dispersion (optics)) can be adequately and simply modeled using either the 
recursive convolution (RC) technique, the auxiliary differential equation 
(ADE) technique, or the Z-transform technique. An alternative way of solving 
Maxwell's equations that can treat arbitrary dispersion easily is the 
Pseudospectral Spatial-Domain method (PSSD), which instead propagates the 
fields forward in space.   134 
Appendix E: SC Output Spectra 
 
 
 
Figure 76: Output spectra with pump wavelength range of 1000 – 1610 nm   135 
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